





















UTILIZATION OF FINE RECYCLED CONCRETE AGGREGATE AND ALTERNATIVE 




















Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Civil Engineering 
in the Graduate College of the  










 Professor David A. Lange, Chair and Director of Research 
 Professor John S. Popovics 
 Professor Jeffery R. Roesler 
 Associate Professor Paramita Mondal 







With ever-increasing emphasis on sustainability, recycling concrete as aggregate has continued to 
be an important topic. While the use of the coarse fraction of recycled concrete has become 
commonplace, the fine fraction is largely regarded as a waste material with few outlets for its use. 
In this thesis, the use of recycled fine concrete aggregate is investigated for use as a source of 
internal curing in new concrete and as the aggregate in controlled low-strength materials. 
Characterization of the recycled fine concrete aggregate did not indicate the presence of 
appreciable quantities of reactive materials, but the recycled aggregates do possess high absorption 
capacities, which indicates a potential for internal curing. The ability to provide internal curing is 
tested using autogenous shrinkage measurements. The mixture design method previously develop 
for controlled low-strength materials is further validated using alternative material combinations. 
In addition, dynamic cone penetrometer testing and accelerated curing methods are applied to the 
controlled low-strength material in order to better characterize the strength of the material. The 
internal curing tests indicated a potential for recycled aggregates to be used for internal curing. 
The results from the mixture design validation support the previous conclusions that slump flow 
is highly reliant on the paste volume. The subsidence and strength are both tied to the cement 
content and the water to cementitious ratio. The findings of the dynamic cone penetrometer tests 
suggest that it is a viable in situ test for controlled low-strength material. The in situ testing are 
then correlated with the unconfined compressive strength. Using elevated temperatures to cure 
controlled low-strength materials did result in significant strength increases over room temperature 
curing. The higher early strengths from the accelerated curing provides valuable information on 
the maximum strength that can be achieved from a mixture. The strength gain as a function of time 
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LIST OF SYMBOLS AND ABBREVIATIONS 
 
Symbol  Definition          
FRCA   fine recycled concrete aggregate from O’Hare Airport pavement 
CLSM   controlled low-strength material 
DCP   dynamic cone penetrometer 
FVA   fine virgin aggregate 
RAC   coarse fraction of recycled concrete aggregate 
LWA   lightweight aggregate 
SSD   saturated surface dry 
RH   relative humidity 
NFRCA  fine recycled concrete aggregate from Vulcan Materials 
XRD   X-ray diffraction 
SEM   scanning electron microscope 
TGA   thermo-gravimetric analysis 
OPC   ordinary portland cement 
OPC/CM  ordinary portland cement to total cementitious ratio 
W/CM   water to total cementitious ratio 
FA1   Class C fly ash 
FA2   non-standard fly ash with high carbon content 
DCP   dynamic cone penetrometer 





CHAPTER 1: RESEARCH OVERVIEW AND OBJECTIVES 
With natural stone being a finite resource, it is vital that alternative aggregates sources be used to 
their fullest potential. Aggregate from crushed concrete is one such alternative that also reduces 
the amount of landfilled material. The use of coarse recycled concrete aggregate in concrete or as 
an unbound base is well-established. While the fine fraction of the recycled concrete has also been 
studied, its use is heavily restricted. The fine recycled concrete aggregate is limited to low 
replacement levels in concrete, and there are no provisions for its use as an unbound material. The 
goal of this research is to investigate alternative uses for the fine recycled concrete aggregate 
(FRCA). The applications studied herein take advantage of the properties of the FRCA which are 
often seen as a detriment to normal concrete applications. Due to the wide variability in recycled 
aggregates, characterization needs to go further than the standard tests used for concrete 
aggregates. While the common aggregate properties like absorption, specific gravity, and 
gradation are important, the material can be more variable due to the parent material. Techniques 
such as x-ray diffraction, scanning electron microscopy, and thermogravimetric analysis can lend 
further insight into the compounds that compose the aggregates and indicate if there is potential 
for the aggregate to be reactive on its own. From the various characterization techniques, two 
applications were investigated as potential outlets for the FRCA, internal curing and controlled 
low-strength materials (CLSM).  
A goal of this research is to investigate the ability of recycled concrete aggregates to provide 
internal curing to new concrete. As mentioned, numerous studies have been completed to analyze 
the use of recycled concrete aggregates in new concrete. While the coarse recycled concrete 
aggregates are generally acceptable at any replacement level, the FRCA is much more limited. 
Since FRCA has high absorption capacity relative to virgin aggregates, there is a potential to use 
the FRCA as a source of internal curing. Several researchers have theorized that the recycled 
concrete aggregate does provide internal curing to some effect, but there are very few direct studies 
on the subject [1], [2]. Since the absorption capacity of the recycled concrete aggregates increase 
with decreasing size, the recycled fines could provide an alternative source of internal curing. 
Normally lightweight aggregates like expanded shales, clays or slags are used for internal curing. 
While they possess even higher absorption capacities, their content is limited to avoid significant 
decreases in strength of the concrete. On the other hand, recycled concrete aggregates can be used 
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in higher concentrations which could compensate for their reduced absorption capacity. In order 
for recycled aggregates to be used in this capacity, the degree of internal curing must be 
characterized in order to optimize the aggregates’ usage in concrete.  
Another focus of this research was to investigate the use of FRCA as an aggregate for CLSM. 
Since the use of FRCA is limited in concrete, CLSM was identified as a possible outlet that would 
be able to utilize larger quantities. CLSM has few restrictions on its constituent materials. In the 
literature review of the material, it became evident that there was not a universal mix design 
method similar to the ACI 211 method for proportioning portland cement concrete [3]. Prior 
practice and research often relied on trial and error methods or previously develop mix designs to 
arrive at the desired mixture proportions. As a result, there was a need for to develop a universal 
mixture design method that would more efficiently develop mixtures that achieved desired 
properties. Furthermore, the mixture design method needs to accommodate nonstandard aggregate 
and cementitious materials. Both fine virgin aggregate (FVA) and two sources of FRCA along 
with a standard and non-standard fly ash are used in this testing. 
From the development of the mixture design method, two additional research topics were 
developed which focused on in-situ and laboratory strength measurements of CLSM. Currently, 
the in-situ strength is measured using the Kelley ball test apparatus, and it provides information 
for time to load the material [4]. The shortcomings in this tests is that the apparatus is not common, 
and it only is measuring the penetration resistance at the surface of the material which may differ 
through the depth. Looking to common geotechnical tests for in-situ soil testing revealed that the 
dynamic cone penetrometer (DCP) test may be well suited to assess CLSM quality. The DCP test 
equipment is more common than the Kelley ball apparatus in soil applications, and DCP has the 
ability to assess the material through depth. Since laboratory-based unconfined compressive 
strength is the most common method to measure the strength of CLSM, the DCP results are 
correlated with the unconfined compressive strength. The correlation between these two 
parameters has not been researched previously, but effectively ties the two test results together. 
Both the FVA and FRCA based CLSM mixtures are utilized in this testing. 
The second research topic related to CLSM strength is a modification to the current standard for 
measuring the compressive strength. The current standard requires the casting and testing of 
cylinders of representative CLSM to be tested at 28 days of age under continuous moist curing at 
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room temperature (23oC) which closely follows the standard for testing normal portland cement 
concrete. While this type of testing is common, it will not accurately capture the long-term strength 
of CLSM. As has been shown in concrete with high-volume fly ash, the strength gain progresses 
slower than normal concrete. Since the cementitious phase of CLSM is mostly fly ash, it is 
expected that the strength gain would be slower and would not peak at a 28 day testing regime. 
While Portland cement concrete often is designed to achieve a minimum strength, CLSM is often 
specified for a maximum strength in order for the material to be excavated at a later date. As a 
result, the last phase of this research is to investigate the long term strength gain of CLSM and to 
investigate the potential for using elevated temperature curing to establish a maximum strength 
without needing to wait months for testing. Both FVA and FRVA based CLSM mixtures are used 





CHAPTER 2: LITERATURE REVIEW  
2.1 Recycling Concrete Overview 
Over the past decade, a common goal among engineers is to adopt and develop sustainable 
practices. These practices are encouraged through programs such as LEED and Airports Going 
Green. Recycling concrete is one of the many ways new construction can earn credits towards 
sustainability ratings. Annually the United States recycles roughly 140 million tons of concrete 
[5]. Airports in particular could benefit from recycling concrete due to the amount of concrete 
rubble that is generated when pavements are reconstructed or demolished. When the Stapleton 
International Airport in Denver Colorado was decommissioned over 6.5 million tons of concrete 
rubble was recycled [6]. Recycling concrete is continuing to grow in popularity even though the 
practice has been around for over 50 years [7]. Recycling concrete into aggregates is being adopted 
throughout the world [8]–[10].The most common uses for the recycled concrete include unbound 
base material and a coarse aggregate in new concrete. Using the coarse fraction from the crushed 
concrete in base material and aggregate in concrete is a well-established practice [7], [11], [12]. 
The majority of the states allow recycled concrete to be used in one or more applications, and most 
specification organizations such as ASTM, American Concrete Institute (ACI), Federal Aviation 
Administration (FAA), and Federal Highway Administration (FHWA) allow for the use of coarse 
fraction of the recycled concrete aggregate (RAC). Despite the benefits and general acceptance 
among professional organization, only 11 states allow for its use in new concrete for pavements 
applications. The use of RAC in structural applications is even more uncommon, but is an active 
research topic [13]–[16]. The JCube Mall in Singapore is one of the few recent projects to 
incorporate RAC as structural concrete. The restricted use of RAC in pavements in the United 
States stems from unsuccessful field trials in the [17]. These field trials confirmed the findings of 
researchers that had shown that recycled aggregates in concrete caused higher drying shrinkage 
and lower strength. The problems associated with using recycled aggregate in concrete are 
associated with the higher absorption capacity and the lower strength of the aggregate. In general, 
the deficiencies of concrete made with coarse recycled aggregate can be overcome with proper 
handling and batching practices [17].  
The process for producing recycled concrete aggregates is outlined by ACI Committee 555. 
Reinforcing steel and any other debris from the demolition process are removed from the concrete. 
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The concrete is then crushed and sieved in order to provide a desired gradation according to ASTM 
C33. After crushing and grading, the aggregate may be subjected to standard tests that may include 
absorption, abrasion, specific gravity, sulphate content, or alkali-silica potential [18]. However, 
additional testing may be required to assess the strength or overall quality of the recycled aggregate 
depending on the parent material. Research on recycled concrete aggregates have considered both 
chemical and physical properties and have characterized both the aggregate and concrete that uses 
the aggregate [13], [15], [19], [20]. Advanced characterization methods such as thermogravimetric 
analysis, x-ray diffraction or scanning electron microscopy have also been used to correlate the 
performance of the aggregate [16], [21]. While there is still no consensus on the most effective 
approach to characterize the coarse recycled aggregate, its use in concrete and as a base material 
continues to grow.   
On the other hand, the use of the fine fraction of the recycled concrete aggregate remains limited. 
Current specifications restrict or prevent its use which results in the rest of the fine aggregate being 
landfilled. When roughly 50% of crushed concrete results in fine material, this leads to a large 
percentage of crushed concrete being under-utilized. The Texas DOT is one of the few that will 
allow up to a 30% replacement of the fine aggregate fraction with recycled material in new 
concrete [17]. While concrete is a viable outlet for the fine recycled aggregate, research has begun 
considering alternative usages. One such alternative tested grinding the recycled fines for soil 
modification. This research showed an improvement in the engineering properties of clayey soils 
when the two materials were mixed [22]. Other research has dealt with dehydrating the recycled 
fines. When cement paste is dehydrated, it can then be rehydrated and exhibits some cementing 
properties. Even though rehydrated cement can not be independently used as a binder, there are 
several proposed uses for this material [23]–[25]. Other research has proposed that the recycled 
fines could be a source of internal curing due to the high absorption capacity. Even though there 
is very little direct research on this topic, several researchers have hypothesized recycled 
aggregates provide internal curing [1], [2], [26]. Contolled low-strength material (CLSM) is 
another valuable alternative for the recycled fines that has been researched [27], [28]. CLSM is a 
highly flowable, low-strength cement based material that is often used as backfill. CLSM has very 
restrictions on the constituent materials and would consume large quantities of the recycled fines. 
By continuing to develop alternative uses for the recycled fine fraction, concrete can be recycled 




2.2 Characterization of Recycled Aggregate 
The first step to better utilizing recycled concrete fines is with more thorough characterization. 
Unlike virgin aggregate which is homogeneous and nonreactive, recycled aggregates contain a 
mixture of coarse and fine aggregates and hydrated cement paste. Depending on degree of 
carbonation, composition of parent material, and method of crushing (wet or dry), recycled 
aggregate may contain soluble or reactive species. To further complicate characterization, the 
recycled concrete is generally highly porous due intrinsic porosity of the paste, the aggregate and 
by cracking within the aggregate due to the crushing operation. The quality of the aggregate is also 
dependent on the parent concrete. Lower strength concrete will result in recycled aggregate that 
has higher porosity and lower strength. Freeze thaw durability and alkali-silica reactivity (ASR) 
in the parent concrete will carry into the recycled aggregate. Generally, the approaches to 
characterize the recycled aggregates can be separated into chemical or physical properties.  
Physical properties are the standard focus for most research programs where the aggregate is used 
in new concrete. As such the same suite of tests that is used to characterize virgin aggregate is also 
used on the recycled aggregate. Physical properties include gradation, absorption, specific gravity, 
and abrasion resistance as specified by ASTM [29]–[32]. These properties are necessary for proper 
mixture design, and allow the user to detect changes in quality of the recycled aggregate. For 
example, if the absorption capacity or abrasion increases significantly it can be inferred that the 
aggregate decreased in strength. The decrease could be result of a lower strength parent material 
or an increase in the internal fracturing. Attempts have been made to relate parent material to 
recycled aggregate quality and to the resulting RAC [13]. These relations are largely empirical and 
their goal classify the aggregate based on intended use.   
Chemistry based investigations can include a mixture of ASTM test procedures as well as more 
advanced analytical methods. ASTM standards include measuring the ASR potential and chloride 
content. Studies have shown that if the parent concrete was susceptible to ASR damage the 
resulting concrete would be too [33], [34]. Measuring the chlorides in the aggregate gives an 
indication of the corrosion potential of reinforcement in the new concrete. The chloride content is 
often low enough that it does not cause problems [35] . More recent research employs more 
advanced characterization methods to determine the chemical composition of the recycled 
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aggregates. As stated previously, the recycled aggregate may contain unydrated cement, calcium 
hydroxide or other water soluble species. The presence of cement or calcium hydroxide could 
contribute to hydration of new cement and reduce the cement demand in the new concrete. On the 
other hand if the aggregates have other water soluble components that interfere with hydration. 
With either scenario, understanding the chemical reactions associated with the aggregates is vital 
to be able to predict the aggregates’ behavior in concrete. Other techniques that have been used 
include x-ray diffraction, themrogravimetric analysis, and scanning electron microscopy with 
energy dispersive x-ray analysis [21], [36]. Each of these methods provides valuable information 
about the recycled aggregates, and most have concluded that there is a negligible amount of 
reactive materials that remain on the surface of the recycled aggregates. The low reactivity of the 
aggregates means that they will be more consistent from a chemistry standpoint. 
2.3 Recycled Fines in Concrete 
In general, the use of recycled aggregate in new concrete is a well-established practice. Numerous 
research studies have been conducted showing recycled aggregates are viable in new concrete. 
Research has focused on a range of topics on the aggregate itself to the performance of concrete 
that incorporates the recycled materials. Two research programs looked at the parent concrete as 
it related to the quality of the resulting concrete [37], [38]. In both studies, the parent material 
showed a strong influence on the resulting concrete. To improve the recycled aggregate itself, 
researchers have also considered altering the mixture procedure and the initial moisture state of 
the aggregate to improve its bond in the concrete [35], [39], [40]. Both researchers saw 
improvements in the fresh and hardened performance of concrete composed of recycled aggregates 
when a two-stage mixture approach was used and when the aggregates were just below saturated 
surface dried condition. Beyond the aggregate itself, research has also demonstrated that concrete 
with recycled aggregates is able to meet performance requirements in both transportation and 
structural applications [41]–[43]. In each of these research programs, high quality concrete was 
developed using primarily the coarse fraction of the recycled concrete.   
As previously mentioned, the use of recycled fines in concrete is restricted by specifying agencies. 
In addition, research using greater than 30% replacement of the virgin fine aggregate show higher 
shrinkage and lower strengths [44]–[46]. Alternatively, some researchers have considered treating 
the FRCA in order to increase its reactivity to make it self-cementing. The processing involves 
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heating the FRCA to specific temperatures to dehydrate certain phases [24], [47]. Upon 
rehydration, the material has the potential to be self-cementing and reactive with other 
cementitious materials [48]. However, since the generation of reyclced fines is relatively high, the 
need to use the aggregate in the “as-crushed” state will continue to exist. Some of the 
aforementioned limitations could be overcome if the FRCA provided some alternative benefit to 
the concrete such as internal curing. Internal curing is the concept of “water-entraining” concrete 
by using saturated aggregates [49] . The aggregates serve as additional water reservoirs when the 
initial mix water is depleted during hydration. When the pores in the surrounding cement matrix 
grow smaller than the pores in the aggregate, the capillary forces extract the water from the 
aggregates. The water from the aggregates allows the hydration to continue and prevents self-
desiccation within the paste. This process overcomes some of the problems associated with using 
very low w/c concrete such as lower than expected strengths and autogeneous shrinkage which 
both can decrease the durability of the concrete. Most research has focused on the use of 
lightweight aggregates like expanded shale, and have found them to be highly effective at reducing 
autogenous shrinkage [50], [51]. The presoaked lightweight aggregates (LWA) often replace about 
30% of the natural fines in concrete but this effective quantity of aggregate can be approximated 
based on the aggregate and paste composition [52]. At this replacement, the compressive strength 
is not affected by the low strength of the lightweight, but there is sufficient aggregate to achieve 
the beneficial outcome of internal curing.  
The type of aggregate used for internal curing is not restricted to LWA. Several researchers have 
investigated possible alternatives to the typical LWA aggregates. Some possibilities investigated 
include pumice, porous ceramic waste, or waste materials like crushed returned concrete [53]–
[55]. The common properties of these alternatives include a high absorption capacity (>10%) and 
the pore throats should be relatively small to create the capillary force necessary to keep the water 
in the aggregate [51], [56]. Such findings suggest that recycled aggregate could also be a suitable 
alternative to achieve internal curing. Some research has even claimed that internal curing by 
recycled concrete was responsible for the results that were observed in shrinkage tests [55]. The 
recycled fines normally have a lower absorption capacity (~9%) than the lightweight aggregates, 
and the bulk of the water is stored in the hydrated cement paste or cracks in the aggregate. Both of 
these factors indicate that recycled fines are inferior to lightweight aggregates, but the recycled 
material could provide some degree of internal curing [55]. The research in this area is limited, 
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and further investigation could provide an alternative, beneficial outlet for utilizing the recycled 
fines. 
2.4 Controlled Low Strength Material 
2.4.1 Background 
Controlled low strength materials (CLSM) are a relatively new class of cementitious materials that 
are often used in backfill type applications. CLSM is defined by ACI 229 as being highly flowable, 
self-consolidating and low strength [57]. While it behaves like a soil, it is primarily comprised of 
the same constituents as concrete. However, CLSM allows for a larger range of constituents like 
non-standard cementitious materials or non-standard aggregates. Additionally, CLSM borrows 
much of its test standards from portland cement concrete despite CLSM acting as a compacted soil 
substitute. In its fresh state, CLSM looks and behaves like a self-consolidating concrete where it 
flows over a distance and does not require compaction. Unlike concrete, CLSM is usually 
prescribed with a maximum strength. This ensures that the material will be readily excavatable 
throughout its service life.  A primary advantage over normal backfilling operations is in the 
reduced labor, rapid construction, and ability to be placed in confined spaces. In addition, since 
the binder is largely composed of fly ash which reduces the material costs. 
The first known use of CLSM was in 1964 for pipe bedding [58]. It has been used for bridge 
approaches in Texas and backfill in Boston [59], [60]. The growth in this area led to the formation 
of ACI 229 which offers education and guidance in the use of CLSM. ASTM has also adopted 
several test methods that deal specifically with testing both the fresh and hardened properties. The 
constituents of CLSM are similar to concrete: cementitious binder, coarse or fine aggregates, and 
water. A few departments of transportation around the United States have documented experience 
with CLSM and have developed recommended mix designs. Typically a cubic yard is composed 
of 20-50 kg of cement, 130-260 kg of fly ash, a W/CM of 1 or greater and aggregates to complete 
the desired volume [57]. Normally, the materials used to produce CLSM are the same used in 
normal concrete. However, ACI places very few restrictions on the types of materials that can be 
used to produce CLSM. As a result, many of the materials normally rejected for concrete can be 
utilized in CSLM with proper trial batching. Some of the materials used successfully include fly 
ash not conforming to ASTM C618, foundry sand, cement kiln dust, and bottom ash [61]–[64]. 
Often, these materials have adverse effects on strength of concrete, but this is not a problem for 
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CLSM since it is usually specified to have a maximum strength of 1200 psi. These strength 
requirements and the lack of restrictions on the constituents, make recycled fine concrete 
aggregates an ideal aggregate source for CLSM.  
2.4.2 Strength Characterization of CLSM 
 Specifying strength of CLSM usually refers to the unconfined compressive strength and is 
measured in a similar manner to most other cement based materials. Unlike other cement base 
materials, an upper limit to the compressive strength is typically specified. The uppermost limit 
for CSLM is 8270 kPa at 28 days, but the practical upper limits are often much less if there is a 
possibility for future excavation. For machine excavation, the compressive should not exceed 2070 
kPa and the strength should be less than 345 kPa for manual excavation [57]. Achieving these low 
target strengths is accomplished by incorporating high volumes of fly ash in the cementitious phase 
and using a W/CM ratio that is much higher than conventional concrete.  
The low target strengths in CLSM commonly lead to difficulties in testing the strength using 
conventional concrete methods. Cylinders for compressive strength are easily damaged and often 
delay testing until fourteen days or later. Laboratory specimens can remain fragile throughout the 
28 day curing period due to the lower strengths mentioned here (~345 kPa). Due to the challenge 
in lab-based tests, in situ tests can be quite useful for characterizing the strength of CLSM. 
Furthermore, CLSM is often used as a soil substitute where unconfined compressive strength is 
not a common measurement. In soils, stiffness, shear strength, or tests such as California Bearing 
Ratio are used to assess the load capacity. These types of tests can be useful to characterize the 
bearing of CLSM and have been used by some researchers [65]. An ASTM test method that works 
to move towards a soil characterization methodology which uses a ball drop device to determine 
the time of loading of CLSM. Unfortunately, the test apparatus is less common than alternative 
methods of measuring soil strength such as the dynamic cone penetrometer (DCP) [66]–[68]. The 
DCP test is also able to measure the consistency of the material through the depth and not just at 
the surface like the kelley ball measurement.  
Additional problems with the current strength testing of CLSM is the 28 day curing regime for the 
unconfined compressive strength. Since CLSM often contains a large volume of fly ash, some 
cement, and large amounts of water, hydration will proceed at a retarded rate over a longer period 
of time. Several studies have demonstrated the need for using longer testing intervals for concrete 
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with high volume fly ash [69]–[71]. Additionally, research involving CLSM has shown gradual 
but significant strength gain beyond the 28 day mark [72]. As a result, testing in the first weeks 
after casting may not possible because the specimens are too fragile to handle, and the strength 
development of the material is not fully characterized. Poorly understood strength development 





CHAPTER 3: CHARACTERIZATION OF THE RECYCLED AGGREGATE 
The recycled aggregate used throughout this research program is demolished airport pavement 
from O’Hare Airport in Chicago, Illinois. The advantage of recycling airport pavements is that the 
demolished pavements were constructed to FAA standards which ensure minimum performance 
in areas of strength and durability. As a result, the recycled aggregates produced from these 
pavements are highly consistent. Additionally, the majority of the concrete pavements at O’Hare 
do not contain other common construction debris like asphalt or reinforcement. Characterization 
of the aggregates proceeded in two phases. The first phase measured standard aggregate properties 
using conventional ASTM tests. The second phase incorporated tests to measure composition and 
determine soluble species in the aggregates. For this research, the tests were performed on both 
the coarse and fine fractions in order to determine differences between the size fractions.  
3.1 Aggregate Materials 
The aggregate tested herein consist of various samples of the crushed concrete from O’Hare 
Airport demolition, crushed concrete from Vulcan Materials in Urbana, Illinois, a common 
lightweight expanded shale aggregate (LWA) and a fine virgin aggregate (FVA). The crushed 
concrete from O’Hare Airport is graded as a part of the crushing operation for a coarse CA7 or 
CA6 gradation and is referred to as RAC (coarse recycled concrete aggregate) [29]. The remaining 
crushed material is the FRCA. Samples of the FRCA were taken as they were generated at the 
crusher (FRCA-Crusher), from the stockpiled material at the airport (FRCA-ORD), and from the 
stockpile that was transported to the University of Illinois. The NFRCA material was taken from 
the general fine crushed concrete stockpile at Vulcan Materials. The lightweight expanded shale 
aggregate is a commercially available expanded shale that is specifically marketed to be used for 
internal curing of concrete. The FVA is a natural river sand that is graded as a concrete fine 
aggregate following the ASTM C33 limits. 
3.2 Physical Testing of Recycled Aggregate 
The standard ASTM tests included measurements for gradation, specific gravity and moisture 
properties. Gradation for the fines was determined in accordance with ASTM. The recycled coarse 
aggregate was involved in other tests and was separated by size. This allowed for testing on 
specific size fractions and for the individual sizes to be recombined in any desired size fraction. 
The gradation of the recycled fine aggregate (RFA) was measured at different times to because the 
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production of the recycled fines is ongoing. Over the course of this research, virgin fine aggregate 
(VFA) is used as a control. The virgin fine aggregate is natural river sand. The gradations of the 
recycled fines and the virgin fines are plotted in Figure 3.1. 
Each gradation curve is the average of duplicate gradation tests. The difference in fineness 
modulus for replicate tests was less than 0.2. None of the aggregates used in this research fully 
met the ASTM C33 gradation requirements for fine aggregate. The FVA in this research has a 
higher content of coarser particles which caused it to fall outside of the limits. Overall the RFA 
has a coarser gradation than what is allowed for fine aggregates. This result is contrary to other 
research using recycled fines where the gradation contains a higher portion of the very fine material  
(No. 100 sieve and below). The likely cause for the FRCA and NFRCA having coarser gradations 
is due to the use of water sprayers on the crusher to control the dust. As a result, the end material 
has a portion of the fine material washed away. Furthermore, the FRCA and NFRCA are the 
unwanted material from generating RAC and the gradation of the FRCA and NFRCA is expected 
to change when the gradation of the RAC changes. It was common for the crushing operation at 
O’Hare airport to switch between the CA6 and CA7 gradations. The changing of the target 
gradation is the likely cause for the differences in gradation of the FRCA samples. For all research 
described herein, the FRCA-UIUC was used. 
The specific gravity, bulk density and absorption of the aggregates were measured according to 
ASTM C127, C128, and C29 and the results are recorded in Table 3.1. As expected, the specific 
gravity and bulk density of the FRCA and NFRCA is lower than the FVA. The specific gravity of 
the recycled materials also decreases with decreasing size. This result is supported by other 
research that has shown that the smaller sizes of recycled concrete aggregate contain higher 
quantities of mortar where the coarse fraction contains a higher quantity of the original aggregate 
[73]. An uncompacted void content test was also performed on the FRCA and the FVA following 
ASTM C1252. From this test, the percent of voids for the FVA and FRCA were 36.1% and 37.6% 
respectively. The uncompacted void content is an indication of the aggregate’s angularity, 
sphericity, and surface texture. Given the slightly higher voids content of the FRCA, the particles 
are expected to be more angular than the FVA as is expected from crushed materials. If there was 
a large difference in the percentage of voids, there could have been concerns with consolidation or 
flow of materials using the FRCA. 
14 
 
In addition to equilibrium moisture properties, the moisture movement within the recycled 
aggregates is considered. With the high absorption capacity, it is expected that the uptake and loss 
of moisture within the aggregate will take more time than that of the virgin aggregates. 
Measurements of moisture uptake over time can be challenging so an alternative test method was 
implementd. The aggregate is first brought to an oven-dried condition, weighed, and then 
suspended in water from a scale. The mass is recorded at regular intervals to determine the rate of 
absorption. For the aggregates tested, the rate is not constant, but appears to exhibit a logarithmic 
trend where the rate is very high initially and then slows over time. The absorption is then 
expressed as a percent of the SSD condition. Figure 3.2 is a plot the percent of SSD as function 
time. Each of the size fractions exhibit a similar absorption rate where each reaches over 60% of 
the SSD condition within the first two hours, but then the rate slows and SSD may take more than 
a week to achieve. The results show the importance of saturating the aggregate when using it in 
concrete since it takes so long for the aggregate to go from dry to SSD. The same test was not 
repeated for the virgin aggregates since the fine particles can not be contained underwater in a 
similar fashion. Furthermore, some of the fine particles in the FRCA float which would result in 
inaccurate measurements. The main conclusion from the testing of the RAC is that recycled 
concrete aggregates should be soaked for multiple days in order to achieve SSD conditions.  
The converse to aggregate absorption is desorption. Unlike the absorption measurements, which 
focused on rate of moisture uptake, measuring desorption investigates the loss of moisture in 
aggregates based on the surrounding environment. Desorption behavior can give an indication on 
the performance of an aggregate when it is used for internal curing. Ideally for internal curing, the 
aggregate should lose roughly 80% of its moisture when the relative humidity (RH) falls below 
90%[74]. While the method for measuring desorption is not a standard test, there is a test used by 
other researchers [52], [74], [75]. The desorption test starts with aggregate at SSD. The samples 
are weighed and then stored in sealed containers with various RH levels. The RH of the containers 
is controlled using various aqueous solutions. In this study, the following solutions were used: 
destilled water (100% RH), potassium sulfate (97.3%), potassium nitrate (93.6%), barium chloride 
(90%), sodium chloride (75.3%). Samples were also stored in an environmentally controlled room 
that held the RH at 50%. The mass of the samples is monitored over time until the mass remains 




In this study, all of the aggregates were brought to SSD conditions using the methods presented in 
ASTM C127 and C128. For the RAC, approximately 200 g samples were placed into each of the 
aforementioned RH environments. For the various fine aggregate sources, 150 g samples were 
used. The mass of each sample was measured once every two weeks until the mass was constant. 
Figure 3.3 and 3.4 contain the results from the desorption tests. From the figures, it is evident that 
the LWA loses the majority of its moisture at the 90% RH environment while the FRCA loses 
roughly 55%. The RAC loses less moisture at 30-45%, and the NFRCA loses the least at just over 
10%. The results suggest that the pores in the recycled aggregates are more constricting than those 
in the LWA. The LaPlace equation describes the relationship between pore size and the 







  (1) 
where γ is the surface tension, Vm is the molar volume of water, R is the universal gas constant, T 
is the absolute temperature, and K is the average curvature of the surface of the condensed water. 
As the pore size decreases the curvature of the condensed water will increase which corresponds 
to a lower RH. The smaller pores then require lower RH in order to remove the water to use for 
internal curing. Overall, these results are expected since the LWA is selected specifically for its 
large, exposed pores which readily allow for the movement of moisture. Recycled concrete, in 
contrast, mostly stores moisture in cracks and the porosity of the mortar which are smaller and do 
not give up moisture as readily. From these results, it is inferred that of the recycled aggregates 
tested, FRCA has the best potential to provide some level of internal curing. It is also worth noting 
that the quantity of LWA is often limited in concrete mixtures to prevent reductions in strength. 
Recycled concrete, on the other hand, can be included at higher quantities which may compensate 
for the higher levels of retained moisture.  
3.3 Chemical Analysis of Recycled Aggregate  
The second phase of aggregate characterization focuses on identifying and quantifying the 
minerals present in the recycled aggregate. Some minerals may interfere or contribute to chemical 
reactions like cement hydration. Researchers have theorized that the reactive materials present in 
the recycled concrete could be harnessed in subsequent uses [76]. Since recycled aggregates are a 
mixture of the constituents of the parent material which include coarse aggregate, fine aggregate 
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and hydrated cement phases. The cement phases are the constituent of interest in this investigation. 
Depending on different factors, the cement phases could include calcium hydroxide or unhydrated 
cement grains. Both of these materials could positively contribute the future hydration reactions. 
Other compounds like deicing agents could also be present in the recycled aggregate which could 
have a negative impact on subsequent applications of the mateiral. In either instance, it is necessary 
to determine which compounds are present in the recycled aggregates, and if these compounds are 
chemically active. To accomplish this task, the test methods are as follows: x-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and pH measurements. In addition, scanning electron 
microscopy is used to compare surface features of the aggregates.  
For the majority of this phase of the investigation, the aforementioned source of FRCA is not used. 
Instead, recycled aggregate retained on the 25 mm sieve is used. The larger aggregate is used in 
these tests because the focus of these tests is to analyze the water soluble compounds present in 
the aggregate. Since the FRCA source was washed during initial crushing and is stored outdoors, 
there is already considerable exposure to moisture and carbon dioxide which would result in 
carbonation. As a result, the FRCA is not expected to contain significant quantities of reactive 
materials. However, if reactive material is present, the crushing process could be altered to 
preserve the reactive materials in the recycled aggregate.  The larger 25 mm aggregate is exposed 
to water during crushing and is subsequently stored in a sealed container. As a result, this aggregate 
did not have prolonged exposure to moisture or carbon dioxide. When the 25 mm aggregate is 
crushed, new surface area is exposed as well as compounds that were previously on the interior of 
the aggregate. The crushed 25 mm aggregate is used as an analogue because other research has 
shown that the difference between size fractions of aggregate is largely physical and not chemical 
[21]. However, it should be noted that the research also showed that the larger sized recycled 
aggregate contain less mortar than the smaller aggregates [73]. Therefore, this research will focus 
on detecting and characterizing but not quantifying the reactive materials.   
3.3.1 Specimen Preparation 
The RAC was samples were fractionated and stored in sealed containers upon arrival. A 4 kg 
sample is removed and then split using an aggregate splitter to obtain a representative sample. Of 
the roughly 2 kg samples one is retained for the subsequent tests while the other is discarded. The 
retained sample is crushed using two crushing processes. The first is a jaw type crusher which 
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reduces the aggregates to maximum size of roughly 12.5 mm. At this point, the material is split 
again using the aggregate splitter. One half is crushed further using a disc mill while the other half 
will be used for scanning electron microscopy. The aggregate from the disc mill is sieved and only 
the material passing the #270 (53-μm openings) sieve is retained.  
The powdered sample and the crushed sample are each divided again and stored in separate air-
tight containers to prevent exposure to moisture or carbon dioxide. One container with the crushed 
material and powdered material serve as the “as-crushed” sample representing the crushed 
aggregate with no exposure to moisture and limited exposure to carbon dioxide to prevent 
carbonation. To further limit the effects of carbonation on the powdered samples, the tests are run 
within a week of crushing and the storage container is only opened to remove the material for 
testing. 
The remaining samples are submerged in separate distilled water baths and agitated for two hours. 
At this time, the agitation ceases and the aggregate was allowed to settle in the water. After an 
hour of settling, most of the water is decanted off of the top, more distilled water is added, and the 
agitation is turned on again. This process is repeated again after an additional 2 hours. After the 
final agitation, the contents of the beaker are passed through filter paper to separate the solid 
material from the water. The samples are placed in an oven to remove the remaining water and are 
then stored in sealed containers. The water and agitation should have removed all water soluble 
substances present. These samples, referred to as “wetted”, represent recycled aggregate exposed 
to moisture similar to the stockpiled fines used in the other components of this research.  
The FRCA material is used in a limited number of tests in this phase of characterization. The 
sample is selected using ASTM D75 recommendations, and is oven dried prior to use. The FRCA 
sample is used in scanning electron microscopy and in measuring the rise in pH in water.  
3.3.2 Measurement of pH 
Many of the reactive compounds that could contribute to the cementitious reactions are 
accompanied by a rise in pH of the pore solution. So if there is a rise in the pH of water when the 
recycled concrete is submerged, this could indicate the presence of reactive materials. The desired 
compounds that cause a rise in pH would be unhydrated cement or calcium hydroxide. However, 
minerals like calcium carbonate or dolomite can also cause a rise in pH [77]. This testing will only 
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provide a general idea of the dissolution the minerals present, but it will not provide specific details 
on the chemistry. 
The pH measurements were collected with a Pasco pH meter. The instrument was calibrated with 
pH 3 and pH 10 buffer solutions prior to each measurement. All of the samples were tested with 
room temperature (23oC) distilled water except for the test where the solution was intentionally 
heated. In all of the tests, the water-aggregate solution was stirred continuously and measurements 
were taken until the pH reading stabilized. In addition to testing the previously mentioned 
powdered specimens, FRCA and the fine and coarse virgin aggregates are tested for comparison. 
Three experimental runs were performed on the FRCA. The FRCA was first tested to determine 
the presence of any solubility limits. Then, each size fraction of the FRCA was tested. Finally, the 
FRCA was heated in solution while the pH was measured at each temperature.  
The first set of tests on the FRCA focused on the ratio of aggregate to water. The purpose of this 
test is to determine the presences of any solubility limits. With most chemicals, reducing the 
concentrations should result in a reduction in the measured pH for basic solutions. If the pH does 
not change with changing concentration, there may be a solubility limit for the chemicals present. 
These tests were repeated and the average is reported in Table 3.2. The ratio of mass of aggregate 
to distilled water was tested from 0.108 to 0.012 g/ml and the results are plotted in Figure 3.5. The 
upper limit was chosen as because the equipment was unable to stir samples with higher aggregate 
ratios. The first observation is that there is a rise in the pH of the mixture with a maximum pH of 
10.53. The rise in pH indicates that some chemical or mineral is dissolving from the surface of the 
FRCA. As the concentration of the aggregate is decreased the pH remains relatively constant until 
the concentration falls below 0.015 g/ml. At the lowest tested concentration, there was an 
appreciable drop in pH which could indicate a solubility limit was reached. However, with only 
the one data point a limit could not be confirmed.  
The parent material of the FRCA is a portland cement concrete using dolomitic limestone and 
natural river sand. Considering the parent material, the likely cause for the rise in pH is calcite 
from the coarse aggregate and the carbonation of the cement. Reactive materials such unhydrated 
cement or portlandite have relatively high solubility limits which would not be observable at these 
concentrations (assuming the FRCA was pure cement or portlandite). Additionally, both the 
portlandite and unhydrated cement would have higher pH in solution (~12) [78]. Calcite, on the 
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other hand, has a relative low solubility limit (0.0013 g/100 ml at 25oC) and the corresponding pH 
is 10.54. This would account for both the observed solubility limit and the measured pH in the 
tests with FRCA.  
The second experiment with the FRCA tested the pH of solutions with individual size fractions of 
the FRCA. The concentration of the FRCA to distilled water was held consistent over the sizes 
and each test was repeated to ensure reliable measurements. The average of the two tests is reported 
in Table 3.2. The pH as a function of FRCA size is plotted in Figure 3.6. The pH of the sizes 
between #4 and #50 is consistently 10, but there is an increase in the sizes below #50 to roughly 
10.3. This result could indicate more reactive materials, or it could be due to the higher surface 
area of the particles. In either case, the higher pH of the smaller particles is consistent with the pH 
of the full gradation which means that the behavior of the individual sizes is not expected to differ 
from the behavior of the full gradation. 
The third experimental run measured the pH of the aggregate solutions at various temperatures. A 
heating plate increased the temperature of the solution and held constant while the pH was 
recorded. The results are plotted in Figure 3.7. The data shows that the pH falls with increasing 
temperature. Generally, the solubility of solids increase with temperature, but for portlandite and 
calcite the solubility decreases with increasing temperature which results in a decrease in the pH 
[78].  
Finally, the pH of the two powdered samples, the virgin coarse aggregate (CA7) and the virgin 
fine aggregates was measured. The results are recorded in Table 3.2. The powdered samples had 
higher pH than the FRCA, but the result could be caused by the higher fineness of the material as 
observed in the previous test. Neither of the powdered samples exhibited significantly higher pH 
than what is expected of pure calcite. The two virgin aggregate had the lowest measured pH. The 
VFA is a river sand composed of primarily quartz and the coarse aggregate is a dolomitic 
limestone. Quartz has low solubility which is reflected in the lowest change to the pH of the water. 
The dolomitic limestone is poorly soluble which accounts for the pH that is lower than that of a 
pure calcium carbonate limestone.  
20 
 
3.3.3 XRD Testing 
X-ray diffraction (XRD) was run on the two powdered samples, as-crushed and wetted. The 
purpose of using XRD is to determine identify the crystalline phases present in the aggregate. 
Portlandite is the primary mineral of interest since it can participate in pozzolonic reactions and 
readily shows up in XRD analysis.  
3.3.3.1 XRD System Parameters 
The XRD system utilized in this analysis is a Siemens D5000 that generates CuKα x-rays. The 
potential and amperage used to generate the x-rays was 40 kV and 30 mA respectively. The 2θ 
range was set from 10-80o in increments of 0.02 at a scan rate of 1.5o per minute. These settings 
were used for both the as-received and wetted samples. The detector used in this system records 
up to 100,000 counts per second. 
 
Prior to each run, the sample holder was cleaned with acetone. Each sample was poured into the 
holder and pressed to ensure that the sample holder cavity was completely full. The samples were 
leveled with a glass slide and placed into the mounting device which was subsequently placed into 
the XRD machine. After the sample was scanned the samples were disposed of instead of being 
reused to avoid contamination. 
After the scans were completed, the qualitative analysis was performed using the Jade 6 software 
package. The software will identify most peaks, but some judgment must also be used in selecting 
which possible matches are reasonable. A low figure of merit (<10) usually means that the match 
between the results and referenced values is quite good and that phases is most likely present in 
the material.  For unidentified peaks, other references are used to identify the peaks. 
3.3.3.2 XRD Results 
Overall the patters from the XRD scans of the two samples are quite similar. The as-crushed and 
wetted samples are plotted in Figure 3.8. The peak assignment were made using the Jade 6 software 
analysis.  
Examining the peak assignments, the majority of the crystalline compounds in the recycled 
aggregates are what is expected in hardened concrete. The quartz is from the sand used as fine 
aggregate. The dolomite is from the dolomitic limestone used as the coarse aggregate. The calcite 
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peak could be from carbonation of the hydrated cement phases. There is some portlandite present 
in the as-crushed sample at 18o which disappears in the wetted sample. The disappearance of the 
peak confirms the presence of portlandite since it is highly water soluble. The peak for portlandite 
at 34o is not present due to the preferential orientation of the crystal which decreases the peak at 
34o. This peak at 18o is the only noteworthy change between the two samples. In both samples, 
there is no evidence of unhydrated cement phases. There could be other unhydrated phases present 
in the samples, but since they are not crystalline they do not register in XRD analysis. In addition, 
the analysis showed that there were no salt compounds present in the aggregates. While de-icing 
salts could be present in pavement, the airport concrete does not use normal salts due to the 
potential damage to aircraft. 
The XRD tests show that while there is some portlandite present in recycled aggregates, there is 
no evidence of unhydrated cement. This result is not unexpected since the airport pavements used 
to generate the recycled aggregate are designed with a W/CM to sufficiently hydrate nearly all of 
the cement [79]. The portlandite in the “as-crushed” means that the material would be reactive 
with pozzolonic materials. However, portalandite carbonates readily and is highly soluble meaning 
the crushed concrete would need to be protected from both carbon dioxide and water making it 
more difficult to handle than normal portland cement. The washing done in the wetted sample was 
able to remove any trace of portlandite. Accounting for the pH measurements, it would be expected 
that the pH of the “as-crushed” sample would have been higher if there were appreciable amounts 
of portlandite, but the pH of the “as-crushed” sample was on par with the “wetted” and FRCA 
samples. This means that while there is some reactive portlandite in freshly crushed recycled 
concrete, the quantities may be small and care must taken to prevent loss of the portlandite after 
crushing. This conclusion could change with age and proportioning of the parent material. 
Some research has investigated the possibility of exploiting either the portlandite or cement phases 
in recycled concrete aggregates. In one case, CLSM was produced using only fly ash, but the 
strength was so low and developed so slowly that the mixture was not practical [27]. In another 
study, the recycled aggregate was coated in a pozzolanic material prior to using the aggregate in 
concrete. The findings suggested that the pozzolans reacted with the reactive materials in the 
aggregates and filled voids in the aggregate and improved the interfacial transition zone in the 
concrete [80]. In both cases, the research did indicate that the recycle aggregate was reactive. 
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However, in this research, the washing of the recycled aggregate readily removes the portlandite. 
As a result the FRCA, which is washed during crushing, is most likely inert so its behavior should 
be predictable.  
3.3.4 Thermogravimetric Analysis 
Both powderd samples and a sample of the FRCA are tested using thermogravimetric analysis 
(TGA). The FRCA was prepared using the same method used to prepare the powdered sample, but 
the parent material is a representative sample of FRCA instead of the RAC. The purpose of this 
testing is to further characterize the minerals present in the recycled concrete. TGA will dehydrate 
minerals like protlandite and the amount of weight loss can be correlated to the quantity in the 
sample.  
The TGA is carried out using a Netzsch thermogravimetric instrument. The heating rate is 10oC 
per minute up to 1000oC. The samples did not show any evidence of further decomposition above 
this temperature. Nitrogen is flowed through the chamber at a constant rate to provide a consistent 
and inert atmosphere. Alumina crucibles are used to hold the sample during testing. Sample 
material is added until the total mass is as close as possible to 25.2 mg. The results from the analysis 
are plotted in Figure 3.9. 
Each recycled aggregate sample exhibits steady weight loss above 100oC. This weight loss is 
consistent with chemically bound water loss in hydrated cement phases. The dolomite sample does 
not show the same weight loss over the same temperature range since magnesium carbonate does 
not have chemically bound water. As a result, the TGA shows negligible weight loss until the 
beginning of thermal decomposition of the carbonate minerals around 700oC. Both calcite and 
dolomite experience thermal decomposition between 600 and 900oC [81], [82]. All of the tested 
samples experience significant decomposition in this temperature range. The decomposition rate 
is the primary difference between the “as-crushed” and “wetted” samples. The wetted sample has 
a sharp curve around 750oC, but the as-crushed has a gradual curve. The explanation for the 
difference in the curves could be related to the washing process that the wetted sample underwent. 
The washing may have altered the thermal conductivity of the powdered sample. The mass loss 
percent does not vary between the two powdered samples so it is unlikely that the washing affected 
the calcite or dolomite in the aggregate. None of the sample exhibits weight loss associated with 
the decomposition of portlandite which occurs between 420-500oC [83].  
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While the weight loss in each of the samples occurs over roughly the same temperature range, the 
percentage loss varies. The difference in weight loss between the samples is most likely an 
indication of the difference in composition. The differences in weight loss do follow the expected 
compositional differences in each of the aggregates. The RAC, which was the source of the 
powdered samples, is expected to contain a higher portion of the coarse virgin aggregate from the 
parent material. As a result, it should and does exhibit higher weight loss from the dehydration of 
the carbonate phases. However, since the RAC will have some adhered mortar, the weight loss is 
not as high as the pure dolomite. These results do confirm the findings of other researcher who 
found that the mortar content increases with decreasing size of RAC [84], [85]. While FRCA is 
composed of a higher percentage of the mortar phase, this testing does not identify appreciable 
quantities of portlandite in the aggregate.  
3.3.5 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is used to investigate the surface morphology of the FRCA. 
In this instance, SEM is used to identify general differences of the surface of recycled aggregates. 
The SEM system used for this study is a JEOL 6060LV using a tungsten filament. A single 
aggregate particle retained on the #4 sieve (4.75 mm) is selected from each the “as-crushed” and 
“wetted” non-powdered source. The particles are selected such that there are visible portions of 
virgin aggregate and adhered mortar. A small portion of virgin fine aggregate is also imaged for 
comparison. The virgin aggregate is a random sample and the particles are smaller than the 
recycled aggregate.  The samples are sputter-coated with a mixture of gold and palladium and 
mounted using carbon tape. All images are secondary electron images taken using an accelerating 
voltage of 15 keV and a spot size of 39. The SEM system is calibrated to maximize brightness and 
corrected for astigmatism. Figures 3.10, and 3.11 are images of the as-crushed aggregate, and 
Figures 3.12 and 3.13 are images of the wetted aggregate. Figures 3.14 is an image of the virgin 
sand for comparison. 
From comparing the images, there are several noteworthy features. The virgin aggregate is more 
spherical and has a smooth surface. The recycled aggregates also appear to have more small dust-
like particles on the surface. In addition, the virgin aggregate has no visible pores or cracks like 
the recycled particles. The as-crushed aggregate specimen has a fine granular material covering 
most of the surface which is likely carbonated hydration product. In the wetted specimen, there is 
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less granular material which may have been removed from the washing process. The mortar in the 
wetted sample appears to be air-entrained as indicated by the arrows. It is expected that the parent 
material of both of the recycled aggregate samples is air-entrained. Cracking is present in both 
recycled aggregate, but this could have occurred during the imaging. The only conclusions that 
can be drawn from these images is that the recycled aggregates are more angular which is to be 
expected from a crushed material and there could be cracking in the mortar phase.   
3.4 Summary of Aggregate Testing Results 
The results of the various aggregate tests follow with what is expected. From the standard tests, 
the FRCA sources are coarser than the FVA and the LWA. The RFA is more angular than the 
virgin aggregate which is confirmed with both the uncompacted voids tests as well as the SEM 
images. This result is expected since the RFA is a crushed aggregate where the FVA is a natural 
aggregate which has a smoother surfvace. The absorption capacity tests show that while the FRCA, 
NFRCA, and LWA have higher absorption capacities than the natural aggregates. Additionally, 
the recycled aggregate will take more time to reach a saturated state than the natural aggregates. 
The desorption tests showed that the recycled aggregates will release considerable moisture even 
in higher RH environments (>90). While the absorption amount and the desorption behavior of the 
recycled aggregates is not as good as the LWA, there is still a potential for the recycled aggregates 
to contribute internal curing in concrete applications. 
The chemical characterization focused on identifying the minerals that compose the recycled 
concrete. The primary findings confirmed that the recycled aggregate is composed of the expected 
constituents of the parent material, dolomite, calcite, and quartz. The pH, XRD, and TGA tests 
confirmed the presence of these minerals. The XRD analysis of the “as-crushed” sample did 
identify a peak correlating with portlandite, but none of the other methods were able to quantify 
the amount which probably means that amount is quite small. However, since RAC was used to 
create the powdered samples, there could be larger quantities of portlandite in freshly crushed 
FRCA. Furthermore, there was no portlandite in the “wetted” sample, which means that it was 
removed in the washing process. The extension to the FRCA, where washing occurs during 
crushing, means that the FRCA would not contain appreciable quantities of portlandite. Beyond 





Table 3.1 Density, absorption, and packing properties of recycled and virgin aggregates 
 







Figure 3.1 Gradation of virgin, recycled, and lightweight fine aggregates 
 
 




Figure 3.3 Desporption of coarse recycled aggreagates 
 




Figure 3.5 pH for various concentrations of FRCA to water 
 




Figure 3.7 pH of FRCA over various temperatures 
 




Figure 3.9 Thermogravimetric of aggregate samples 
 





Figure 3.11 As-crushed aggregate at 100x magnification 
 
 




Figure 3.13 Wetted aggregate at 100x magnification 
 




CHAPTER 4: INTERNAL CURING WITH RECYCLED CONCRETE 
AGGREGATES 
4.1 Internal Curing 
Internal curing is continuing to gain popularity from increased usage of high performance concrete. 
As a result, the amount of research has increased to assess the potential of different materials as 
well as techniques to measure performance of the concrete. Due to the complex nature of moisture 
movement and changing microstructure during hydration, several different techniques have been 
developed to measure the effectiveness of aggregate for internal curing. In this study two of these 
methods are used to assess the performance of recycled concrete aggregate as a source of internal 
curing. The first method measures the internal RH of the concrete during hydration. Using this 
method, the sample with internal curing should exhibit a higher RH throughout hydration than a 
normal concrete as shown in other research [50]. The second method indirectly measures internal 
curing effectiveness through measurement of autogenous shrinkage. Since internal curing reduces 
self-desiccation, the autogenous shrinkage of a concrete sample should also be reduced [50].  
To provide internal curing, aggregate with large, open pores is used. The large pores both store 
additional water and readily release the water during hydration. Typically, expanded shales, clays, 
and slags have pores that meet these requirements and are the most common aggregates used for 
internal curing. Recycled concrete aggregates do not store as much water, and their pores are 
mostly likely more constricting as discussed in Chapter 3, but since they have greatly increased 
porosity over natural aggregates, there is a potential to accomplish internal curing.   
4.2 Experimental methods 
Both of the primary tests in this experimental investigation have been used in other research to 
assess internal curing. The measurement of early age shrinkage is typically performed on a mortar 
specimen in a flexible tube and measurements begin immediately after the specimen is cast. This 
method will capture both the chemical shrinkage and the autogenous shrinkage.  For this study, 
the goal was to study concrete with blends of RAC and FRCA which can not be accomplished 
with the flexible tube method. Instead, a ASTM C490 free shrinkage prism is used. The prism is 
covered immediately after casting and allowed to cure for 1 day. Upon demolding, the prism is 
sealed using self-adhesive aluminum tape to prevent drying. While this method fails to capture the 
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volume changes during the first 24 hours, the long term volume change is measured and can be 
compared to specimens that undergo the same testing regime. Additional prism samples are cast 
but not sealed to monitor drying shrinkage performance. For all mixtures, the average of two sealed 
and two drying prisms are reported. The shrinkage of the drying prisms will be from both dyring 
and autogenous. The drying shrinkage measurements will give some indication of the change in 
volume stability due to the recycled aggregates. Most research has concluded that recycled fines 
will increase drying shrinkage in normal concrete, and the same result is expected here with lower 
W/CM [86]. A length comparator conforming to ASTM C490 is used to measure the length change 
of the prisms.  
The RH measurements are performed on similar prism-shaped samples using a technique 
previously developed [87]. The molds are 75 mm x 75 mm x 380 mm and have holes in the side 
to mount the tubes housing the sensors. The sensors are Sensirion model SHT75 which measure 
temperature and RH. These sensors are mounted in a plastic tube that is covered in Gore-tex at one 
end and sealed on the other end. The Gore-tex allows for the transmission of moisture vapor but 
not liquid. The sensors are placed such that the Gore-tex surface is at mid-width of the specimen. 
The datalogger is a Basic-X microcontroller that takes readings once per hour. These specimens 
are demolded and covered in the same manner as the autogenous shrinkage specimens. All samples 
are stored in a climate controlled room where the temperature is maintained at 23oC and 50% RH.   
The cementitious materials used in this experiment consist of a Type I Portland cement and a Class 
C fly. The fine virgin aggregate consisted of a natural river sand, and the coarse virgin aggregate 
was a dolomitic limestone with a CA 7 gradation. Both of these aggregate conformed to the ASTM 
C33gradation for concrete aggregates [29]. The coarse recycled aggregate was graded to match 
the coarse virgin aggregate. The recycled fine aggregate was the FRCA with the gradation in 
Figure 3.1. All recycled aggregates were continuously soaked so that they were used at SSD or 
higher moisture levels. Actual moisture levels of all aggregates were measured prior to mixing and 
the mixture was adjusted to account for the real moisture level of the aggregates. Finally, to 
compare the performance of the recycled aggregates to the accepted standard material, an 
expanded shale was used.  
Two phases of testing were conducted to investigate the effects of internal curing. The first phase 
of testing was with a typical mixture using a target W/CM of 0.46. The second phase used mixtures 
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with a significantly lower W/CM of 0.30. W/CM of 0.36 was tested as well, but the initial results 
did not show significant differences in autogenous shrinkage. Going to a lower W/CM (0.3) 
ensured that autogenous shrinkage would show measureable differences. With the lower W/CM, 
a constant dosage of superplasticizer was necessary in order to achieve adequate workability. In 
the second phase, blends of virgin and recycled aggregate were also employed in some of the 
mixtures. The mixture designs are found in Table 4.1. In all mixtures, 100 mm by 200 mm 
cylinders were cast for compressive and splitting tension tests following ASTM C39 and ASTM 
C496 respectively [88], [89]. Three replicates are tested for each mixture for both compression 
and splitting tension. The cylinders were cured at 23oC and 50%RH and tested at 28 days.  
4.3 Results and Analysis 
4.3.1 Phase one testing 
In the first phase of testing, measuring the internal RH of sealed specimens proved to be difficult. 
Due to the high W/CM, the amount of autogenous shrinkage was negligible. As a result, there was 
virtually no change in the RH over 28 days of testing. The high W/CM allowed for full hydration, 
and there was no need for the cementitious reactions to begin pulling moisture from the aggregate 
reservoirs. The test was then repeated, but one side of the prism was allowed to dry. While 
significant autogenous shrinkage and self-desiccation is not expected in these mixtures, this 
method did result in the change in internal RH in the specimens. The results are found in Figure 
4.1.  
The prisms were allowed to dry and were monitored for at least 140 days. From the results, it 
appears that there is a critical amount of recycled aggregate needed to positively affect the internal 
RH of a concrete mixture long term. Initially, all of the mixtures containing the RFA maintain a 
higher RH than the virgin aggregate mixture. At roughly 60 days, the RH of the the RFA10 (10% 
RFA replacement) mix falls below the virgin aggregate mixture and remains there. The other two 
RFA mixtures are able to maintain higher a higher RH than the virgin aggregate mixture 
throughout. This behavior suggests that there is a minimum RFA content that is able to maintain 
elevated RH.  
It would be expected that for any replacement of the virgin aggregate that there would be a 
corresponding increase in the RH. This was true initially in this test, but after 25 days, the RH of 
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the RFA10 mixture dropped rapidly below the virgin aggregate mixture. A possible explanation 
for this behavior is that the RFA was initially able to act as an additional reservoir of water during 
hydration resulting in the higher RH, but the reservoir of moisture in the FRCA is quickly depleted. 
As a result, the long term RH of the RFA10 follows that of the VAC after the moisture within the 
aggregate is depleted. The RFA30 and RFA50 mixtures possessed larger reservoirs so they were 
able to maintain the increased RH for longer. Assuming that hydration continues as long as the 
RH is above 80%, hydration would cease at roughly 56 days for the RFA10 mixture, 90 days for 
the VAC mixture, and 155 days for the RFA30 mixture [77]. The RFA50 mixture did not drop 
below 80% RH. Factoring that these measurements were taken internal to the concrete, the RFA10 
mixture would have had a lower degree of hydration compared to the other mixtures and therefore, 
higher porosity and permeability. In the RFA30 and RFA50 mixtures, there was sufficient water 
to sustain hydration longer which resulted in decreases in permeability and a higher RH over the 
test period.  
While research  generally agrees that FRCA contents over 30% will degrade the strength of the 
resulting concrete [44]–[46], [86]. The compressive and split tensile strength measured in the phase 
of testing did not have significant differences between the mixtures. The FRCA-based mixtures 
did have lower average strength values, but given the standard deviation and number of tests, there 
is not a strong case that the strength values are different. 
The length measurements of the sealed and unsealed specimens are found in Figures 4.2 and 4.3. 
Weight loss of the drying specimens was also measured and is reported in Figure 4.4. The results 
from shrinkage measurements of the sealed specimens show that less length change was 
experienced in the mixtures containing the FRCA. This would suggest that the FRCA is providing 
some level of internal curing to the concrete. However, when analyzing the specimens that were 
allowed to dry, the FRCA mixtures with 30% and 50% replacements of FRCA exhibited higher 
drying shrinkage. The RFA10 mixture, on the other hand, had very similar drying shrinkage results 
compared to the virgin aggregate mixture. The higher levels of drying shrinkage in the RFA30 and 
RFA50 mixtures agree with other research which also found higher levels of drying shrinkage 
[45]. Incorporating the results from the internal RH measurements, compressive strength, 
autogenous, and drying shrinkage measurements, it would appear that there is an optimal 
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replacement of FRCA between 10% and 30% that will achieve some level of internal curing while 
also minimizing loss to compressive strength or an increase to the drying shrinkage. 
Analyzing the drying shrinkage with the drying shrinkage, there is not a direct correlation between 
the measurements. It is reasonable to assume that the weight loss due to drying would correlate 
with the drying shrinkage. However, the mixtures incorporating the recycled aggregates do not 
follow this trend. For example, the RFA50 and the VAC had similar weight loss, but the shrinkage 
in the RFA50 was higher for a given time. Most researchers attribute this phenomenon to the lower 
stiffness recycled aggregate. Since the recycled aggregate can contain cracks and additional 
interfacial transition zones, the resulting aggregate is less stiff. The reduced stiffness results in a 
more compliant aggregate system which leads to more deformation during drying.  
4.3.2 Phase two test 
With the second phase of testing, the goal was to use the recycled aggregates in concrete mixtures 
with very low W/CM that would benefit from internal curing. This works builds off the research 
from the first phase which only incorporated FRCA. In this study, the concrete incorporates both 
the FRCA and the RAC into the mixtures. Additionally, a mixture incorporating LWA is also 
tested. The LWA and the VAC mixtures are used to act as the upper and lower bounds for internal 
curing in a concrete. The properties of the aggregates can be found from the testing in Chapter 3. 
The RAC was graded to follow the gradation of the CA 7 coarse aggregate. From the tests 
presented in Chapter 3, the size of the recycled aggregate inversely correlated with the amount of 
water it is able to absorb so while the coarse fraction does not absorb as much as the fine fraction, 
it can be used at higher replacement levels without negatively affecting the concrete. This study 
used the sealed and unsealed shrinkage measurements to compare performance. 
The autogenous shrinkage strain is recorded in Figure 4.5 and the drying shrinkage strain is 
recorded in Figure 4.6. The weight loss was again measured in the drying shrinkage specimens 
and is recorded in the appendix. From the plot of autogenous shrinkage, it is evident that the 
recycled aggregate has an effect on the performance. However, the best performance does not 
necessarily correspond with the highest recycled aggregate content. Comparing the two mixtures 
with the recycled coarse aggregate, the 50% replacement performs better than the full replacement, 
but the 50% replacement performs roughly similar to the virgin aggregate mixture in the long term. 
At early ages, the 50% replacement does have reduced deformation. Reducing the early age 
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shrinkage is advantageous since this would help to protect against cracking while the concrete is 
relatively young. At 100 days, the virgin and the 50% replacement mixtures are roughly similar in 
shrinkage. The later increase is most likely caused by the reduced stiffness of the aggregate that is 
generally associated with using recycled aggregates. While the (0.3)RAC mixture has more 
recycled aggregate and more internal curing potential, but there is no reduction in the shrinkage 
measurements. While the recycled coarse aggregate does have significantly higher absorption than 
the virgin aggregate, the absorption is much lower than the aggregate typically used for internal 
curing or even the RFA. As a result, the coarse recycled aggregate was not expected to be as 
effective for internal curing as the expanded shales or even the RFA. The tests in this study would 
indicate that minimal internal curing is taking place in the RAC mixtures and as discussed later, 
there are other factors to consider with recycled aggregate mixtures. 
In the mixtures with the recycled fine aggregate, there is generally no negative effect on the 
autogenous shrinkage. The mixture using a 15% replacement of RFA performed nearly similar to 
the control mixture, and the 30% replacement mixture had noticeably reduced shrinkage. Similar 
to the first phase of this testing, there appears to be an optimum replacement of recycled fines in 
order to reduce autogenous shrinkage. It appears that up to at least 15% replacement by the 
recycled fines will not affect the autogenous shrinkage, but between 15% and 30% there is an 
improvement. As expected, the mixture with the LWA performed very well in this test. At early 
ages, the autogenous shrinkage was significantly lower than the other mixtures. However, beyond 
50 days the mixtures with the LWA and the 50% RFA mixture had similar performance. The lower 
absorption of the FRCA requires a higher aggregate replacement to achieve the same level of 
internal curing as the LWA aggregate. 
The drying shrinkage results are consistent with what is expected with mixtures using high 
replacements of recycled aggregates, especially at later ages. In the coarse recycled aggregate 
mixtures, the drying shrinkage increases with increasing recycled aggregate. In the FRCA 
mixtures, the 30% replacement mixture had a slightly reduced drying shrinkage compared to the 
15% replacement. Most research has attributed the increase in drying shrinkage to the lower 
strength/stiffness of the recycled aggregates [33], [45]. This is supported here with the weight loss 
data where for a given amount of moisture loss, the recycled aggregate mixture experienced higher 
drying shrinkage. However, the LWA mixture, which used a similar replacement level as the 
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RFA15 mixture, had better shrinkage performance than any of the recycled aggregate mixtures. 
Due to the nature of expanded shale, one would expect the LWA to be have relatively low strength 
and low stiffness even compared to recycled aggregate. This was not the case and there was still 
an increase in the shrinkage of the recycled aggregate mixtures.    
The strength results of the mixtures (Table 4.2) follow the expected trend. As the recycled 
aggregate content is increased, the strength values decrease. The maximum reduction is with the 
15% RFA mixture at 14%, but the RAC (full replacement of the coarse aggregate with RAC) 
mixture was close with a reduction of 12%. Again, the mixture with the expanded shale achieved 
similar performance with the control mixture. To improve the comparison of strengths for the 
various mixtures a paired t-test was performed on the data. Each strength measurement reported is 
the average of 3 replicate samples. A paired t-test compares the data from two different sample 
populations or in this case, mixtures. The VAC30 mixture is used as the control mixture for 
comparison. The t-statistic is calculated with the following equation: 





   (2) 
Where ?̅? is the mean difference between tests, sd is the standard deviation of the tests, and n is the 
number of samples. Assuming a t-distribution, the tabulated values for t-test will provide a p-value 
which will indicate if the strength values are statistically different from the control mixture 
(VAC30).   
The results from this statistical analysis are found in Table 4.2. Assuming a 95% confidence since 
there are only 3 replicates for each measurement, the paired t-test does not indicate a statistical 
difference in the results from the split tension tests for any of the mixtures. Additionally, there is 
not a statistical difference in the compressive strength between the VAC and the RAC50 and 
VAC+15HC mixtures. However, there is a strong statistical difference between the VAC and the 
RAC, RFA15 and RFA30 mixtures since the p-values are less than 0.05. The RAC and RFA15 
mixtures both had statistically lower compressive strength than the VAC, but the RFA30 mixture 
was higher. At the lower replacement level of FRCA, one would not expect to see such pronounced 
decreases in compressive strength. However, similar behavior was observed in the first phase of 
this research. It is possible that the lower replacement of FRCA was not providing sufficient 
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internal moisture allowing the specimen to dry and hydration to cease resulting in lower 
compressive strength. The increase in compressive strength observed in the RFA30 mixture could 
be the other side of this reasoning where there was sufficient internal moisture allowing hydration 
to continue longer. The higher degree of hydration would result in higher compressive strength. 
This argument is supported in the autogenous shrinkage results where the RFA15 had more 
shrinkage deformation than the RFA30 mixture where increased self-desiccation is a possible 
explanation for the difference.  The second key behavior to note is that all of the recycled aggregate 
mixtures reached over 60 MPa. It is a safe assumption that the parent material of the recycled 
aggregate did not achieve this strength so this does mean that it is possible to produce high-strength 
concrete using recycled aggregates from lower strength parent material. 
A final observation of the behavior from these tests is that the autogenous shrinkage performance 
of these aggregates (LWA, FRCA, and RAC) is tied to their desorption characteristics. The LWA 
desorbed the highest percentage of its internal moisture at high RH and exhibited the lowest 
autogenous shrinkage compared to the recycled aggregates at similar replacement levels. On the 
other hand, the RAC desorbed the least amount of water, and had almost no effect on the internal 
curing. This would suggest that the desorption test is critical when assessing the internal curing 
behavior of a recycled aggregate. As mentioned in Chapter 3, an aggregate should give off the 
majority of its moisture by the 80-90% RH level in order to allow hydration to proceed. The RAC 
retained roughly 60% of its moisture at this level, and was shown to be ineffective. On the other 
hand, the FRCA retained only 40% and the LWA retained 5% and were both shown to have a 
measureable effect on autogenous shrinkage. Additionally, higher replacement rates are needed 
when the amount of retained moisture is higher. Comparing the RFA and VAC+15HC mixtures, 
the RFA30 mixture had similar autogenous shrinkage but twice the replacement percentage of the 
fine aggregate. The desorption behavior of an aggregate correltaes well with its ability to provide 
internal curing.  
4.4 Proportioning FRCA for Internal Curing 
One of the goals of this research was to determine an optimized recycled aggregate content for 
effective internal curing. As expected, the mixture incorporating the LWA was effective at 
reducing autogenous shrinkage at a replacement level of 15%. Additionally, the mixtures with 
FRCA replacements of 15 and 30% were also effective. The RAC mixtures did not show 
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significant differences from the virgin aggregate mixture. In order to optimize the mixture design 
process, Dale Bentz developed a method to determine the optimum replacement of LWA in order 





   (3) 
Where MLWA is the dry mass of fine LWA per unit volume of concrete, Cf is the cement factor, CS 
is the chemical shrinkage of the cement, αmax is the expected degree of hydration, S is the degree 
of saturation of the aggregate, and φLWA is the absorption of the LWA. Bentz provides an 
approximate method for determining the chemical shrinkage of the cement based on its 
composition. Using XRF tests of the same cement, the chemical shrinkage is calculated as 0.08134 
g of water/g of cement [90].  The degree of hydration is assumed to be 80%, and the aggregates 
are fully saturated. Using the desorption curves from Chapter 3 and the absorption capacity, the 
absorption was calculated. The variables were input into the equations and the results are reported 
in Table 4.3.  
For the LWA mixture, roughly half of the optimum amount was used when assuming a degree of 
hydration of 80%. Despite using only half of the recommended quantity, the LWA was the most 
effective at preventing autogenous shrinkage. It is reasonable that the performance of a mixture 
with a higher replacement of LWA would further improve performance. While Bentz’s model was 
not intended for recycled aggregate, there is agreement between the model and the observed results 
that higher replacement rates of the FRCA (>30%) would improve the autogenous shrinkage 
performance. Such increases in the FRCA could lead to adverse effects on compressive strength 
and drying shrinkage as observed in other research. In addition, this model does not apply to the 
RAC mixtures. Despite the RAC mixtures having higher and lower replacement levels, the 
autogenous shrinkage performance was not significantly improved.  
The recommendation from this testing program would be to follow the Bentz equation using a 
degree of hydration lower than 80%. Using this equation necessitates measuring the desorption of 
the aggregate as well. In this research, aggregates retaining 50% or more of their moisture at 90% 
RH were shown to be ineffective. The quantity of retained moisture will correspond to the 
effectiveness of internal curing. A hydration level of 60% would suggest a replacement level that 
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is in line with the results of this testing. At higher hydration levels and therefore higher FRCA 
replacements, issues pertaining to drying shrinkage could arise or decreases in strength could occur 
as suggested in other research. While the Bentz equation is reasonable with the stated input 
variables, other sources of recycled aggregate may result in significantly different performance. 
For example, the RAC did not have significant effects on the autogenous shrinkage performance. 
While this model provides a reasonable starting point for proportioning mixtures, trials need to be 
performed when using fine recycled aggregates to ensure desire balance of autogenous shrinkage, 
drying shrinkage, and strength.   
4.5 Conclusions 
Overall, this research demonstrated that recycled concrete aggregates have the ability to provide 
internal curing. The effectiveness of the internal curing will be dependent on the content and size 
fraction used. Particularly, the FRCA at 30% replacement of the virgin fines provided highest 
protection against autogenous shrinkage. In general, the mixtures with higher recycled aggregate 
replacements (>50%) exhibited higher drying shrinkage than the virgin aggregate mixtures. While 
the coarse fraction of recycle concrete aggregate is a viable source of aggregate in new concrete, 
there was low observed potential for it to provide internal curing, and there was increased drying 
shrinkage. Results confirmed that the commonly accepted LWA provided better internal curing as 
observed in the autogenous shrinkage results. For the best all-around performance at lower W/CM 
using recycled aggregate, the 30% replacement of RFA performed the best when considering 
autogenous shrinkage, drying shrinkage, and strength.  
The model developed by Dale Bentz for proportioning LWA for internal curing suggested that the 
optimal FRCA replacement is greater than 30% and greater than 15% for the LWA. The FRCA 
result was supported by the improvements in performance between the (0.3)RFA 15 and 
(0.3)RFA30 mixtures. Additonally, the model indicated that the RAC content was sufficient for 
proper internal curing, but the performance of those mixtures was similar to the virgin aggregate 
mixture. This suggests that the RAC is not able to provide appreciable internal curing on its own. 
However, the results do show that the FRCA is able to provide some degree of internal curing, and 
using FRCA for internal curing provides a high value application for a material that is otherwise 




Table 4.1 Mixture designs for internal curing  
 
Table 4.2 Strength results from internal curing tests 
 








Figure 4.1 Internal RH of unsealed concrete prisms from Phase 1 testing 
 




Figure 4.3 ASTM C490 drying shrinkage results of Phase 1 concrete mixtures 
 





Figure 4.5 Autogenous shrinkage of Phase 2 concrete prisms after 24 hours of curing 
 









CHAPTER 5: CLSM MIX DESIGN VALIDATION 
5.1 Overview 
Controlled low-strength materials (CLSM) share many similarities to Portland cement concrete. 
Often the constituents for the materials are the same, and the process of mixing and delivering the 
material are identical.  In addition, many agencies who use both materials will specify performance 
requirements and mix guidelines to achieve those performance parameters[57]. However, for 
CLSM, very little guidance is offered beyond a suggested mixture design. The lack of guidance 
can create a barrier for using the material effectively. One of the goals in this research program 
was to establish a more universal mixture design procedure, and now this procedure must be further 
validated through additional trials with alternative materials.  
 One of the greatest challenges with a universal mix design procedure is the use of non-standard 
materials. Both the cementitious and aggregate components of CLSM do not have to conform to 
the accepted standard materials that portland cement employs. Non-standard cementitious 
materials can include materials such as bottom ash or fly ash that would normally be rejected by 
ASTM C618 [64], [65], [91], [92]. The aggregates do not have to conform to ASTM C33 
gradations or materials like recycled fine concrete that is typically restricted from use. As a result, 
these non-standard materials present many challenges because of their extreme variability.  
Past research has focused more on the application of CLSM or the use of the aforementioned non-
standard materials in CLSM. Often, the research trials would employ a trial and error approach to 
designing their mixtures [93], [94]. Modifications to trial mixtures would follow the same 
methodology used in modifying Portland cement concrete mixture. For example, water to cement 
ration would be used to control the strength, and the water content would control workability. As 
determined with this research program, these parameters do play a role in CLSM properties, but 
the performance of CLSM mixtures can be more efficiently controlled by a different set of input 




5.2 Summary of Mixture Design Development 
The mixture design methodology described herein was developed through a collaboration with 
Ricardo Serpell. The joint effort incorporated the preliminary testing and literature review to 
develop an experimental program and eventual mixture design method. Through this effort, we 
decided on the experimental inputs and the measured responses. Ricardo was responsible for the 
experimental design and statistical modeling of the first three experimental runs. Based on the 
results, a mixture design method was formulated. The results of this collaboration are published 
[95]. 
To summarize the findings from this collaboration, the three experimental inputs are volumetric 
paste percent (VPP), water to cementitious ratio (W/CM) and Portland cement to total cementitious 
ratio (OPC/CM). The measured response outputs of the experiment are unconfined compressive 
strength, flowability, and subsidence. The unconfined compressive strength is the standard 
measurement method for the strength of CLSM [96]. The flowability of CLSM is a measure of 
workability [97]. Since CLSM is often used in applications where it must fill its formwork without 
mechanical consolidation, the flowability must be high relative to normal concrete. The subsidence 
was a parameter chosen to characterize the volume change of the cast material and there is no 
standardized test associated with it. During the preliminary testing, it was found that some of the 
CLSM mixtures exhibited heavy bleeding and others where the hardened material appeared to 
shrink. Both behaviors manifest as a loss in height of the test cylinders. Since CLSM is often used 
as trench or backfill, the volume stability is an important parameter to control. The test 
characterizing the subsidence is to measure the height of each cylinder specimen 3 times when the 
material was 14 days in age.  
A central composite experimental design was chosen to relate the experimental inputs to their 
response outputs. Further explanation of this methodology is contained below. Each experimental 
run required 17 mixtures, and the results were analyzed with statistical software to linear, non-
linear and interaction effects of the inputs on the response outputs. The experimental run was 
repeated three times using FVA and a typical class “C” fly ash (FA1), FRCA and FA1, and FRCA 
with a non-standard fly ash. The results showed that the volumetric paste percent has a strong 
statistically significant effect on the flowability of CLSM. The subsidence and the compressive 
strength are functions of both the OPC/CM and the W/CM. However, it was recommended that 
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the OPC/CM be used to control the strength and the W/CM be minimized to reduce the subsidence. 
From these conclusions, a mixture design method was recommended. The initial mixture 
proportions are 0.18 for OPC/CM, 0.7 for W/CM and 1.1*aggregate void content for the 
volumetric paste percentage. Based on the results of an initial mixture, the user would adjust the 
mixture with the following recommendations: 25 mm flowability/1.4% paste percentage, increase 
strength by increasing OPC/CM in increments of 0.02 (and vice versa), and decreases subsidence 
by decreasing W/CM in increments of 0.1. While this work made significant strides to advancing 
the competency of CLSM mixture design, it is limited in the number of complete experimental 
runs.    
5.3 Expanded Validation 
While the first phase was successful in laying the foundation for a universal mix method, additional 
independent runs of the experimental design with alternate materials were necessary to provide 
further validation. Two additional runs of the experimental design were completed and the 
statistical analysis was repeated to incorporate all of the runs. One of the additional runs completed 
the initial matrix and used the FVA with the non-standard fly ash (FVA+FA2). The second run 
used the standard fly ash, and an alternate fine recycled concrete aggregate (NFRCA+FA1). The 
previous runs with recycled concrete aggregate (FRCA) used material from O’Hare Airport. The 
parent material from the recycled concrete from O’Hare Airport is relatively uniform in nature 
since it is specified by the Federal Aviation Administration. The new fine recycled concrete 
aggregate was sourced from a general concrete recycling facility. As a result, the parent material 
could be a mixture of structural, transportation, or residential concrete. For a mix design method 
to be successful, it needs to be able to handle any source of aggregate. 
5.4 Experimental Methods 
5.4.1 Materials 
The experimental testing contained herein will utilize several materials previously discussed [98]. 
The virgin fine aggregate is a natural river sand graded to the ASTM C33 standard (VFA). The 
fine recycled concrete aggregate is from two sources, O’Hare Airport (FRCA) and a general 
recycling facility (NFRCA). The measured aggregate properties can be found in Table 3.1 and the 
gradation is plotted in Figure 3.1. The NFRCA was used at a saturated, surface-dry condition 
because of the high relative absorption capacity compared to the FVA. The fly ash sources were a 
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fly ash conforming to ASTM C618 (FA1) and another one that has high levels of carbon (FA2). 
The XRF results from the two fly ash sources is found in Table 5.1. The non-conforming fly ash 
had a carbon content more than three times that of the standard fly ash. The cement was a standard 
Type I/II. 
5.4.2 Experimental Procedures 
The mixing procedure was to mix all of the components at once for 2.5 minutes, allow the mixture 
to rest for 10 minutes, and remix for an additional 2.5 minutes. This procedure was adopted during 
the first experimental run (in collaboration with Ricardo Serpell) to ensure thorough mixing while 
allowing for observation of segregation during the 10 minute rest period. While no segregation 
was observed during the rest period, unexpected stiffening was observed in some trials so the rest 
period was maintained. The flow was measured within 2 minutes of the end of the mixing and 
followed ASTM D6103. Each mixture was then placed into 75 mm by 150 mm split molds. The 
split molds, as recommended by ASTM D4832, allow for easier removal without damaging the 
specimens. All specimens were stored at 23oC and 100% humidity until testing. The subsidence 
was measured 14 days after the mixes were completed. The subsidence was determined by taking 
the average of three measurements of the vertical collapse of the material in the molds. The 
compressive strength was measured when the CLSM mixtures reached an age of 28 days and 
followed ASTM D4832. 
5.4.3 Experimental Design Methodology 
As mentioned, a central composite experimental design is used for this research and was 
maintained from the first round of mix design development through the mix design validation. 
This design method was chosen because it can accommodate the three experimental inputs and is 
a rotatable design. In a rotatable design, the variation in the experimental response is modeled as 
a function of the distance from the central point. The experimental space for a three factor central 
composite design is depicted in Figure 5.1. Each point in the figure represents an experiment at 
the coded input levels and the central point is repeated in order to test for variability. For a three 
factor design the cube points are at ±1 coded levels and the axial points are calculated for 
rotatability using the following equation [99] 
𝛼 = (2𝑘)
1
4⁄    (4) 
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Where α is the coded levels of the axial points and “k” is the number of experimental inputs. With 
three inputs, the coded level of the axial points is 1.682. The results are analyzed using statistical 
software to fit the response outputs using the following quadratic equation  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐶1 + 𝐶2(𝑊/𝐶𝑀) + 𝐶3(𝑉𝑃𝑃) + 𝐶4(𝑂𝑃𝐶/𝐶𝑀) + 𝐶5(𝑊/𝐶𝑀 ∗ 𝑉𝑃𝑃) + 𝐶6(𝑉𝑃𝑃 ∗ 𝑂𝑃𝐶/
𝐶𝑀) + 𝐶7(𝑊/𝐶𝑀 ∗ 𝑂𝑃𝐶/𝐶𝑀) + 𝐶8(𝑊/𝐶𝑀)
2 + 𝐶9(𝑉𝑃𝑃)
2 + 𝐶10(𝑂𝑃𝐶/𝐶𝑀)
2  (5) 
Where C1-C10 are the modeled coeffiencts to fit the response (flowability, strength, subsidence) 
and W/CM, VPP, and OPC/CM are the experimental inputs. The central point for these 
experimental runs is W/CM is 0.85, OPC/CM is 0.15, and VPP is 42.5%. For W/CM, the coded 
levels are scaled as ±1 is 0.85±0.2 and ±1.682 is 0.85±.34. The coded levels for OPC/CM are ±1 
is 0.15±0.05 and ±1.682 is 0.15±.08. The coded levels for VPP are ±1 is 42.5%±10% and ±1.682 
is 42.5%±8.4%. The full experimental design with the coded experimental inputs are in Table 5.2 
The statistical software outputs several sets of data to be used for analysis. For statistical 
significance, a p-value test is run on the data. This test determines if each experimental input is 
statisitically significant to the experimental response. P-values indicate the probability that the 
input variable will not affect the response. Generally, p-values less than 0.05 are accepted as 
statistically significant. Since this experimental approach analyzes the linear, non-linear, and 
interaction response of the input variables, the amount of data generated is immense and its 
presentation is aided with Pareto charts. A Pareto chart is a bar graph that orders the experimental 
inputs from largest to smallest effect based on t-statistics. A reference line is added to the chart to 
show statistical significance at a 0.05 significance level. Addition plots are generated for the linear 
effects and interaction of the experimental inputs. The statistical analysis was repeated for the 
experimental runs in the mix design development as well as the two additional validation runs 
5.5 Results and Analysis 
The results from slump flow, subsidence and compressive strength tests are in Table 5.2. The 
results from the statistical analysis is reported in Tables 5.3-5.5. The statistical results are reported 
for both runs of the initial mixture design development and the expanded validation runs. Since a 
Pareto chart is generated for each experimental output for each experimental run, the charts are in 
the Appendix (A1-A15). Charts for the linear response and the interaction response for each 
experimental run are located in the Appendix as well (A16-A25). The response charts plot the 
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coded input on the abscissa and the modeled output response on the ordinate. Since there is 
agreement between the p-value analysis and the outputs in the Pareto charts, the top three 
statistically significant experimental inputs are summarized for each experimental output in Tables 
5.7-5.9. The shaded cells in the table indicate the result was not statistically significant. The 
controlling variable is the one with the one that is statistically significant and has the highest 
ranking and frequency in the Pareto charts. To compare the effect of the aggregate on the results, 
a paired t-test was run pairwise with the FVA for each aggregate and fly ash source and the results 
are reported in Table 5.10. 
5.5.1 Slump flow 
As previously established, the volumetric past percentage consistently had a significant, positive 
correlation with the slump flow of CLSM [98]. This conclusion is supported from the results of 
this expanded validation. Both the p-values and the Pareto charts indicate that the volumetric paste 
percentage is the controlling input variable (Table 5.7). In all experimental runs with FA1, the 
linear factor of VPP was the highest occurring and statistically significant. In the two runs with 
FA2, the VPP was the first and second factor in terms of rank, but the results from these tests were 
not found to be statistically significant (p-value>0.05).  
The outliers in this round of testing were those runs using the FA2. While these results did not 
support the established trend seen in the other runs, the P-value of the paste volume input was 
0.144 where the lowest P-value (square of the W/CM) was 0.065 indicating a lower statistical 
confidence in these results compared to the other experimental runs. An explanation for these 
results lies with the FA2 used in this experimental run. The non-standard fly ash used in this 
experimental run had a tendency to flash or false set during the waiting period during mixing. 
Workability could be regained through additional mixing, but this flash or false setting behavior 
could account for deviation from the normal trends. The same behavior was observed with the 
FA2 in the initial mixture design development. In that phase, the rapid setting that occurred during 
the rest period was attributed to the rapid formation of ettringite. From observing the mixtures, the 
higher W/CM mixtures seemed to counter this behavior and did not set as rapidly. This behavior 
was also identified in the statistical analysis where the non-linear effect and interactions with 
W/CM were the most significant input parameters behind VPP.  
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From the paired t-test results for the various aggregate sources, there is no statistical difference in 
the overall slump flow behavior comparing the experimental runs with different aggregate sources. 
While the fly ash source would likely result in a statistical differences, the aggregate source did 
not show a significant difference. This result is interesting since the aggregate sources have 
differing gradations. The result also differs from conventional concrete wisdom where gradations 
are controlled for workability purposes. The likely cause for this difference is the high paste 
fraction compared to conventional concrete which makes the CLSM mixtures less sensitive to 
gradation differences. 
In summary, the slump flow among all of the experimental runs is most strongly tied to the paste 
volume. This is similar to typical concrete mixtures where the water content is tied to workability 
with the W/CM controlling strength and also setting the paste fraction of the mixture. The results 
from the additional experimental runs confirm the conclusion from the initial testing that the paste 
volume is the primary influence on slump flow. The W/CM has a positive relationship with the 
paste volume, but is not as influential as the paste volume. 
5.5.2 Subsidence 
In the previous study, the W/CM and OPC/CM were found to have the most influence over 
subsidence.  The summary of the Pareto charts for the experimental runs is found in Table 5.8. The 
statistical analysis showed that there was not a consistent controlling input parameter for all 
material combinations. For the virgin aggregate mixtures, the linear effect of W/CM was the most 
influential. In both experimental runs with the virgin aggregate, the P-value for W/CM ranked the 
highest in the Pareto charts and was statistically significant.  In contrast, the three experimental 
runs with FRCA and NFRCA showed that the linear OPC/CM input had the highest significance. 
Both the OPC/CM and W/CM have a positive correlation with the subsidence, where an increase 
in the input results in higher subsidence. The difference in experimental inputs between the 
recycled and virgin aggregate may be attributed to the difference in density of the aggregates. 
Decreasing the density of the paste through increased W/CM would have less of an effect on the 
less dense recycled aggregate than the virgin aggregate.  
Overall, the subsidence behavior of the recycled aggregate experimental runs exhibited lower 
subsidence levels than the comparable FVA runs. The p-values for the paired t-test indicate 
significance in the difference in subsidence performance when compared to the virgin aggregate 
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runs. The physical differences in the aggregate sources is the most likely sources for the resulting 
difference in the subsidence results. The FVA has a higher specific gravity which would be more 
likely to settle out of the paste than the less dense recycled aggregates. Additionally, the FVA has 
a smooth surface where the FRCA is angular from the crushing process which may promote 
interlocking of the aggregate. Both of these factors can influence the bleeding and segregation of 
the paste which is defined here as subsidence.  
Based on the previous research and the expanded validation runs, the W/CM and the OPC/CM can 
both affect the subsidence behavior. Since both have a positive relationship with the subsidence 
response, the value of these input variables should be reduced when there is a desire to reduce 
subsidence. Additionally, changing from FVA to a recycled aggregate source reduced the 
subsidence with no other changes to the mixture design.   
5.5.3 Unconfined Compressive Strength 
The analysis of the experimental runs show that the compressive strength of CLSM is controlled 
by the W/CM and the OPC/CM. Again there is a difference in which input variable controls the 
response based on aggregate type (Table 5.9). The strength for the FVA mixtures has the linear 
input of OPC/CM as the controlling input. The strength of the recycled aggregate mixtures, on the 
other hand, indicate the linear input of W/CM to be the controlling input. It is worth noting that 
the linear inputs W/CM and OPC/CM were ranked first or second for all mixtures except for the 
NFRCA run. As a result, both inputs may be used to manipulate the compressive strength in 
CLSM.  
Comparing the aggregate sources in the various runs, the FRCA and NFRCA with FA1 have 
statistically lower and higher strength respectively than the comparable FVA mixtures. The same 
difference was not observed with the FA2 experimental run. It is common to see a decrease in the 
compressive strength of concrete using recycled fine aggregate, and it is often attributed to the 
lower quality of the aggregate. With CLSM having a much lower strength in general, the lower 
strength of the aggregate is not expected to affect the composite behavior. The discrepancy in 
strength would suggest a difference in the paste phase of the CLSM. It is possible that the FRCA 
and NFRCA is interacting with FA1. NFRCA was from unknown parent material and was not 
tested as extensively, so any explanation with this material is speculative. With the FRCA, the 
testing in Chapter 3 suggested that the material is composed of calcite, dolomite, and quartz. 
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Submerging the FRCA revealed that pH of the solution would rose to roughly the same pH 
expected from the dissolution of calcite. Research studying fly ash dissolution have found that the 
dissolution of fly ash is positively correlated to the pH and temperature of the system [100], [101]. 
If the dissolved calcite is suppressing the pH of the system, it would cause the fly ash reaction to 
occur at a slower rate which could account for the discrepancy in strength. The FA1 is a Class C 
fly ash and the higher calcium content of the fly ash could make it sensitive to increased calcium 
in the pore solution. This hypothesis is supported with the experimental runs with FA2 where there 
was no statistical difference in strength between the two aggregate sources. While the reduction in 
strength of the FRCA mixtures is significant for this fly ash, a mixture design can be adjusted to 
account for the loss in strength. 
In the previous research, the recommendation for mixture design was to utilize the OPC/CM to 
control the compressive strength of a mixture where increasing the OPC/CM results in an increase 
in compressive strength. As discussed previously, increasing the OPC/CM will also increase the 
subsidence in the recycled aggregate mixtures. However, any increase in subsidence was judged 
to be tolerable since the overall subsidence with the recycled aggregates was significantly lower 
than the FVA. Utilizing W/CM to control strength would result in measurable changes to the 
subsidence in FVA mixtures which complicates the mixture design development. The additional 
validation runs in this research support these assertions.  
5.5.4 Mixture Design Recommendations 
In the previous study, a recommended baseline mixture and methods for adjusting from the 
baseline to achieve desired properties was proposed [98]. The additional experimental runs in 
this study further confirm the proposed approach to mix design, but a proposed change is 
suggested herein. Generally, the paste volume will have the strongest effect on the slump flow. 
The OPC/CM should be used to control strength, and both the OPC/CM and the W/CM should 
be minimized to minimize subsidence while also achieving the desired compressive strength. For 
the baseline mixture, the paste volume should start at 110% of the aggregate void content, the 
OPC/CM should be 0.18, and the W/CM should be 0.7. For adjustments, the slump flow is 
adjusted 25 mm per 1.4% of paste volume. The OPC/CM and W/CM should be adjusted in 
increments of 0.02 and 0.1 respectively [98]. The only suggested change to this method would be 
to move the 110% of the void content of the aggregate to a consistent 38%. This paste level 
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produced readily flowable mixtures over five experimental runs featuring different fly ash and 
aggregate materials. Since this initial mixture is a baseline for which to make adjustments, a 
variable starting paste percentage is not necessary. While these input parameters influence 
properties in a similar way that they do in normal Portland cement concrete, the mix design 
approach will always be different. With Portland cement concrete, several design methods will 
yield a mixture very close to the desired properties with minimal trial mixtures. On the other 
hand with CLSM, as highlighted from this set of experimental runs, the baseline trial mixture is 
only to establish a starting point for subsequent mixtures. The properties of the baseline mixture 
will vary significantly based on the constituent materials, specifically aggregate and cementitious 
sources. However, the ability to use the non-typical constituents is a significant advantage to the 
use of CLSM. As a result, users will have to tolerate the variation in the performance of the 
baseline mixture and making adjustments off of that performance.  
An important trend that emerged from the additional experimental runs was the reduced 
subsidence when using the recycled aggregates. Across all of the mixtures, the subsidence was 
lower than in virgin aggregates. While there were differences in the gradations that could 
account for some of these behavior, the differences were significant enough that lower density or 
higher porosity of the recycled aggregate played a role in the subsidence. For compressive 
strength and slump flow, a similar trend did not emerge, and the performance in these areas 
could be achieved by varying the input parameters. The lower average subsidence in the FRCA 
means that the mixtures can be more readily manipulated to achieve the desired strength and 
slump flow without excessive subsidence. There no other consistent trends observed when 
comparing the fly ash sources or the aggregate sources. 
5.6 Conclusions  
The goal of these additional experimental runs was to verify the previous work on the mix design 
development and to incorporate an alternate source of FRCA. The statistical models on the central 
composite experimental design were repeated for the previous runs as well as the two additional 
runs. Each run consisted of a combination of a fine aggregate source and fly ash. A virgin aggregate 
and two fine aggregate sources were used along with a standard Class C fly and a non-standard fly 
ash. The input parameters and experimental outputs were maintained from the original study. Paste 
volume, W/CM and OPC/CM were the inputs, and slump flow, subsidence, and compressive 
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strength were the outputs. The statistical models generated for the runs showed that paste volume 
was the most statistically significant input parameter for the slump flow for most of the 
experimental runs. The fly ash source did perturb the model when the non-standard fly ash was 
used. In general, as the paste volume is increased, the slump flow will also increase. The statistical 
model showed that W/CM and OPC/CM affected the subsidence performance based on the 
aggregate type. In order to minimize the subsidence, W/CM should be minimized. In the cases 
with the FRCA, reducing the OPC/CM also reduced the subsidence. For compressive strength, 
again, both OPC/CM and W/CM are statistically significant. Increasing OPC/CM will result in an 
increase in strength. However, decreasing the W/CM will also increase strength. It is suggested 
that the OPC/CM be used control the strength. Both the W/CM and OPC/CM need to be balanced 
when developing a mix to provide the desired strength while minimizing subsidence.    
Based on the further validation runs, the only suggested change to the originally proposed mixture 
design is to move to a fixed baseline VPP. The change to a fixed level is based on the data from 
five experimental runs where 38% paste consistently provided adequate flowability. Since the 
method is based on a baseline trial which is then adjusted according to desired performance, a 
consistent VPP simplifies the process without adverse affects to the end product. The additional 
testing does confirm that this method is necessary, and it is not feasible to develop a mix design 
method that achieves the target properties without multiple iterations. The combinations of 
constituents and the use of non-standard materials prevents a universal mixture design approach.  
Throughout these experimental runs, the FRCA mixtures consistently had lower subsidence than 
the comparable virgin mixtures. This behavior is advantageous to the CLSM since it allows more 
manipulation of the compressive strength without significantly affecting the subsidence. 
Furthermore, the FRCA mixtures exhibited lower strength than the FVA mixtures but this behavior 
can possibly be tied to the specific fly ash used in this research. The FA2 runs did not have the 
same difference in compressive strength. Additionally, the lower strength of the FRCA can be 
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CHAPTER 6: DYNAMIC CONE PENETROMETER TESTING 
6.1 Background of DCP Testing 
In-situ measurements for the bearing or shear strength of soil is commonplace and allows for a 
variety of different test methods. Many methods involve some type of penetration into the soil 
while measuring either force, penetration, or both [62]. The dynamic cone penetrometer (DCP) 
test was developed in the 1950’s as an in-situ test for measuring soil strength combining the 
standard penetration test and cone penetration test [102]–[104]. Applications of the DCP test 
include evaluation of collapsible soils, construction control, efficiency of compaction, stabilized 
layers, and subgrade moisture content [105]. The materials tests most often include lime-stabilized 
soils or unstabilized materials which are relatively low strength compared to most cementitious 
materials. The test is widely used due to its simplicity of the measurements involved and they 
results have been correlated to other common geotechnical measurements such as the California 
Bearing Ratio, unconfined compressive strength, and the resilient modulus. Since the test is 
conducted through the depth of a material, it provides insight on possible change in properties as 
a function of depth. Furthermore, DCP testing is common when assessing subgrade strength in 
transportation applications where soil borings are not practical. While a DCP test can be a useful 
measurement of in situ strength, there are some inherent inaccuracies with using this test as an 
absolute. DCP tests are often complimented by a variety of lab tests to confirm and strengthen the 
results.  
The DCP test requires only a few simple pieces of test equipment and usually two people to operate 
the test. The testing equipment is similar to a sliding hammer where a mass slides along a shaft 
and provides impulse loading when dropped. Typically, the mass can vary from 3 to 8 kg. At the 
end of the shaft is a conical tip where the diameter of the tip exceeds that of the shaft to avoid 
friction between the shaft and the soil during a test. The device is positioned vertically on a soil 
and the mass is raised to a predetermined height and allowed to fall. This ensures that the impulse 
is consistent between each blow. The depth of penetration is measured after each drop of the sliding 
mass. A picture of the apparatus is shown if Figure 6.1. By plotting the depth of penetration of 
each blow, one can determine changes through the depth of soil and these measurements can be 
correlated to other commonly accepted soil measurements. 
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6.2 Application of DCP to CLSM 
For CLSM, adopting in situ tests to assess strength and stiffness would improve the adoption and 
characterization of the material. In the past there was an accepted standard using a Kelley ball drop 
test to determine the time CLSM could support load (ASTM D6024). Due to a lack of support for 
the test and unique testing equipment required, the method was withdrawn. Currently, the primary 
accepted method for measuring strength is an unconfined compressive strength test on cylinders 
(ASTM D4832) which is similar to the method used to determine concrete strength. While this is 
the commonly accepted test, it is limited by the fragility of the CLSM specimens and the method 
specifies 75 mm by 150 mm split cylinders. Even when taking care, the specimens are easily 
damaged in transport or during demolding. Since CLSM strength is at a maximum of 7 MPa, 
additional testing equipment may be required to accommodate testing a material that could be 
orders of magnitude lower strength than concrete. For example, a compression tester used for 
concrete may not be accurate in the hundreds of pounds force range, and polymeric pads are 
required for capping of the cylinders. Additionally, since CLSM is closer in strength and often 
substituted for a compacet soil, using a common geotechnical test would provide more usable 
information to a geotechnical engineer than an unconfined compression test.   
6.3 DCP testing 
The equipment used for a standard DCP test is a rod with a 60o conical tip on one end and a sliding 
mass with an anvil on the opposing end. The mass can vary, but the one used in this course of 
testing was 8 kg. (17.6 lb). The shaft was 15.9 mm (5/8 in.) in diameter the height of the mass drop 
was 575 mm. (22.6 in). A device for measuring the depth of penetration may also be affixed to the 
rod. For testing, the device is positioned vertically on the material to be tested and the initial 
penetration due to the static weight of the apparatus is recorded. Then the mass is a raised to the 
top of the shaft and allowed to fall freely until it strikes the anvil which drives the entire shaft into 
the material being tested. The depth of penetration into the material is then measured and recorded. 
The process is repeated until a desired depth is achieved or penetration is less than 3 mm. (0.1 in) 
in ten successive blows (MN testing guide). The entire test can be repeated as many times as 
necessary as long as subsequent tests are performed at a distance of at least 300 mm. (12 in) from 
the previous test, though testing intervals are often much larger (30 m or 100 ft). A picture of a 
typical test on soil is shown below in Figure 6.1. 
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As stated previously, the penetration per blow has been thoroughly correlated to other engineering 
strength parameters commonly used in geotechnical analysis. These correlated parameters include 
the California Bearing Ratio (CBR), unconfined compressive strength, and standard penetration 
test to name a few [67], [106]. In this study, the correlation to CBR was used to compare the 
properties of CLSM to typical soils. Researchers have established serveral relationships between 
CBR and measurements from the DCP testing. The Minnesota DOT has adopted the following 
relation for subgrade testing [107]: 
log 𝐶𝐵𝑅 = 2.46 − 1.12 log 𝐷𝑃𝐼 (6) 
where CBR is the California Bearing Ratio and DPI is the Dynamic Penetration Index which is the 
depth of penetration per blow in the DCP test. Moisture content affects both parameters and 
researchers have shown that the variation due to moisture does not affect the correlation. In 
addition to CBR correlation, the DCP test has also been correlated to tests of unconfined 
compressive strength at strength levels [108]. However, these numerical relationships have only 
been tested on soils or granular materials where maximum compressive strength did not exceed 3 
MPa. These relationships have not been investigated for the higher strengths observed in CLSM. 
Additionally, unconfined compressive strength will continue to be a widely accepted measurement 
for CLSM since the material originates and is supplied through the concrete industry.  
For this research program, the goal was to investigate whether DCP would be an acceptable field 
test for CLSM. In order for the method to be applicable, the results must be able to differentiate 
the strength of CLSM. The DCP results should also be consistent throughout an individual test 
since CLSM is a relatively homogenous material. Finally, the results from the DCP testing should 
have some correlation to other common strength parameters. In this case, the DCP tests will be 
correlated to the unconfined compressive strength. 
6.4 Sample Preparation and Equipment 
The mixture designs tested herein followed the same mixtures that were part of the experimental 
design found in Chapter 5. The coded mixture nomenclature was adopted for this testing as well. 
All mixtures  Since these mixtures had been tested prior, the mechanical properties had already 
been characterized. The staged mixing procedure described in Chapter 5 was used for all samples. 
Again, this would produce samples consistent with already established properties. Both recycled 
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fine aggregate and virgin sand were used as the aggregate. The various mixture compositions used 
for DCP testing can be found in Table 6.1.  
Additional specimens were cast in molds for DCP testing. Since the DCP is often used in field 
applications, it was necessary to ensure laboratory based specimens behave similar to field tests. 
The sample container needed be contain the specimen without adding confinement that would not 
be present in field applications. The following molds were used at various times: soft plastic 
buckets measuring 267 mm (10.5 in.) diameter by 305 mm (12.0 in.) tall, a soft plastic prismatic 
container measuring 610 (24 in.) wide by 915 mm (36 in.) long by 305 (12 in.) deep, and soft 
plastic concrete cylinder molds 100 mm by 200 mm, and 150 mm by 300 mm (4 in. by 8 in. and 6 
in. by 12 in.). The primary mold used in this testing was the soft plastic bucket since it yielded 
consistent results and allowed easier demolding of tested CLSM. Justification of mold type is 
provided in the following section. After placement of the CLSM, the molds were covered with 
plastic to prevent moisture loss and stored at 23oC until testing. Standard handling of CLSM 
laboratory specimens prevents moisture loss as it adversely affects the compressive strength.  
Testing of the unconfined compressive was conducted following ASTM D4832. A standard DCP 
with an 8 kg mass and drop height of 575 mm was used for the DCP testing. Two people are 
needed for testing. One would drop the hammer while the other takes the penetration measurement. 
The measurement was taken from a fixed height on the specimen to a fixed location on the DCP. 
The measurements were recorded to the nearest millimeter. The hammer would be dropped for 10 
blows or until the cone reached the bottom of the specimen. The 10 blows were sufficient to 
establish a consistent penetration per blow value for most samples which is discussed in the 
subsequent section. While the test standard for DCP requires 30 cm spacing between tests, this 
was not practical when several laboratory specimens are needed. Test spacing recommendations 
are included in the subsequent sections.  
6.5 CLSM Results 
6.5.1 Test Standard  Development 
The first step in this test development was to establish the test parameters which required a baseline 
DCP result. The challenge is to ensure the laboratory tests relate to the field-scale tests. The 
baseline CLSM mixture (R16VA) was placed into a mold measuring approximately 60 cm by 91 
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cm by 15 cm. Following the recommended test spacing of 30 cm, this would allow for tests in the 
same specimen [107]. The specimen was allowed to cure for 14 days prior to testing and the test 
was repeated two times to account for variability. The results from these tests are plotted in Figure 
6.2.  
The penetration results for the first three blows are discarded because these represent 
measurements where the cone has not fully penetrated into the material and these mixtures 
exhibited some bleeding after set. After the DCP passes roughly 10 cm, the penetration begins to 
decrease. The decreases is most likely due to consolidation of the material and because the DCP 
is nearing the bottom edge of the specimen. As a result, the average penetration and standard 
deviation of the measurements is taken from blows three through ten. The averages from this 
method were not statistically different, so ten blows were used consistently in subsequent tests.  
6.5.2 Boundary Conditions and Test Spacing 
In field trials using DCP testing, there is no external confinement of the tested materials, and there 
is not a problem with tests located too near each other. However, laboratory specimens can 
experience confinement from the mold, and it is advantageous to perform multiple tests on the 
same sample. In the following tests, the same R16VA mixture was used to observe the effects of 
the test spacing and distance to mold walls. Two trials were used to test the radius of influence of 
the an individual DCP test and provide standard test parameters for subsequent laboratory tests. 
Trials considered diameter of the mold and spacing of the tests.  
To begin testing the effects of confinement from a mold and the radius of influence of an individual 
test, the CLSM was tested in a smaller mold with the tests performed closer to the edges of the 
mold. It is reasonable to assume there is distance from the location of the test where the results are 
no longer influenced by the presence of the material or boundaries. If this influence radius was 
greater than the distance to the edge, it is expected that the penetration per blow would increase 
since the material would lose confinement at one edge. The prism had a cross-section of 45 cm by 
60 cm and the test locations were located at 22.5 cm by 20 cm and 22.5 cm by 50 cm. These tests 
were closer to the edges of the mold than the previous baseline test and the mold walls were more 
flexible providing less constraint to the material. The baseline was established with the 
aforementioned test procedure using the R16VA mixture and testing at 14 days in age. The results 
for this test are in Figure 6.3. The results were not statistically different from the results in the 
69 
 
control test where sufficient distance to the edge of the specimen was provided. As result, it appears 
that the DCP testing was insensitive to the decrease in test spacing and the effects of less 
confinement provided by the mold.  
The second parameter tested was to determine the level of confinement provided from the mold 
itself. Using smaller or more rigid molds would effectively provide higher levels of confinement 
and therefore, change the DCP results. For this trial, concrete cylinder molds (7.5 cm by 15 cm, 
15 cm by 30 cm, and 20 cm by 40 cm) were used as well as the larger cylinder molds (27 cm by 
25 cm). As with the previous trial the 10 blow testing regime was used. The results are found in 
Figure 6.4 
Each data point represents three replicate tests, and in each test the cone of the penetrometer was 
placed in the center of the mold prior to testing. As expected, the size of the mold affected the test 
results, but the level of impact was greater than expected. Since the confinement is very near the 
testing location, the average penetration per blow was greatly reduced. The first trial suggested 
that tests could be conducted at 7.6 cm from an edge, but this trial suggests that when an edge 
provides more confinement, the specimen should be larger. The only test that was similar to the 
baseline is where the mold radius was 27 cm. It is possible that a smaller radius could work, but 
no other molds were available for testing. The results do suggest a rapid change in the DCP results 
when the radius is increased from 7.6 cm to 27cm. As a result, using standard concrete cylinder 
molds for this testing is not recommended because of the higher level of confinement in the 
material.  
Additional tests were performed on the 27 cm samples. Results showed that up to 3 even spaced 
tests could be performed on the same sample without affecting the results. Several samples were 
tested varying the distance between the test locations. These results are plotted in Figure 6.5. The 
tests exceeding 80 mm of spacing were not statistically different for the control mixture. As a 
result, the recommended test layout is depicted in Figure 6.6. From this testing, the soft-sided, 27 
cm diameter cylindrical mold was adopted. This mold did not alter the test results and allowed for 
three evenly spaced tests per specimen. From the first phase of testing, it is recommended that the 
molds be filled with a minimum of 20 cm of material.   
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6.5.3 CLSM DCP Results Correlation to Unconfined Compressive Strength 
The next step in verifying DCP testing as a viable strength measurement for CLSM was to correlate 
penetration measurements to unconfined compressive strength (UCS), which is the commonly 
accepted test method. When DCP specimens were cast, companion 75 mm by 150 mm companion 
specimens were also cast. The UCS specimens were sealed and stored in the same conditions as 
the DCP specimens. The UCS test was performed using the same capping materials and testing 
rates as described in Chapter 5. Three replicate UCS specimens were tested immediately following 
the DCP testing. Several mixtures were used to determine the correlation between DCP and UCS 
results. The results are plotted in Figures 6.7 and 6.8. 
The first aspect to note with Figure 6.8 is for a particular mixture, a change in the DCP index is 
accompanied by a change in the UCS which would suggest that the two parameters can be 
correlated. In this testing the relation between DCP index and UCS is nonlinear. This trend is 
reflected both within mixtures tested at different ages, in mixtures with different constituents, and 
in mixtures containing different fine aggregate sources. A power law trend line was fitted to the 
data in Figure 6.9. Assuming that penetration and compressive strength will always be greater than 
zero, a power law satisfies these conditions. The R2 for a power law is 0.77 which is acceptable 
considering the possible error associated with the DCP index as discussed previously.  
The correlation between DCP index and UCS is promising considering CSLM is often used in 
situations where a maximum strength is specified. CLSM is typically limited to 345 kPa (50 psi) 
or 2068 kPa (300 psi) in order to be excavatable. These limits are noted in Figure 6.9 and 
correspond to DCP index values of 13.7 and 4.2 mm/blow respectively. The upper limit for CLSM 
is 8274 kPa (1200 psi) which corresponds to 1.7 mm/blow. For two lower compressive strength 
limits, a DCP test should be able to readily distinguish whether a sample of CLSM is above or 
below these thresholds even when accounting for the error in the tests. For the upper limit, the 
results will be less reliable since the limit is approaching the resolution of the test measurement.  
Another use of the DCP test would be to determine the time when loading may be applied. In the 
previously accepted and now withdrawn method, a spherical indenter was dropped the diameter of 
the indent was measured. When the diameter of the indent was sufficiently small, load could be 
applied. In the same manner, DCP index limits can be set to assess suitability for loading in CLSM. 
The Minnesota DOT specifies that for a subgrade to be suitable for paving the maximum DCP 
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index is 31.7 mm/blow based on a conversion from the California Bearing Ratio (Figure 6.9) [107]. 
For higher loading applications, the DCP index is lowered to 25 mm/blow. Since both of these 
limits are relatively high DCP index values, there is not a large difference in the corresponding 
compressive strength. In this instance for CLSM, DCP would be advantageous to use in lieu of 
standard UCS tests. The relationship established in this testing can provide valuable information 
for time to loading or strength limits when using CLSM.  
6.5.4 CLSM Results influence by material constituents 
Validation of the DCP test was necessary to determine if any of the mixture proportions in CLSM 
affected the relationship between UCS and DCP index. In the previous section, a variety of CLSM 
mixtures were used at various ages and various fine sources. The correlation between the DCP 
index and UCS was relatively consistent, but in each of the mixtures the total paste volume is 
constant and the OPC/CM ratio is altered. There was a concern that the aggregate content of a 
mixture could affect a measurement like DCP due to interlock between the aggregate particles. In 
Chapter 5, the testing showed that paste volume did not have a significant effect on the 
compressive strength. Comparing the results for the various paste contents, there is no statistical 
difference in the either the compressive strength or the DCP index. While the compressive strength 
was not expected to change, the consistency of the DCP index indicates that the test is not sensitive 
to aggregate content in the CLSM. This reinforces the assertion that the DCP index is a reliable 
assessment of CLSM strength.  
To further validate the relationship between UCS and DCP index, mixtures with alternative 
aggregate sources and gradations were tested. In the prior section, virgin fine aggregate and 
recycled fine aggregate were both used. For both of these aggregates, the nominal maximum 
aggregate size is #4 and the gradation is roughly similar. For the next series of tests, samples of 
the R16 base mixture were cast where the fine aggregate was substituted for a CA16 limestone 
and a uniformly graded river gravel (RG). These aggregates were selected because the gradation, 
shape, and nominal maximum size were significantly different from the FVA. The results from 
this trial are in Figure 6.9. 
In this trial, the results deviated from the previously established trends. For both the river gravel 
and limestone, the DCP index did not differ from the baseline R16VA mixture, but the 
corresponding compressive strengths were significantly higher. These results were verified in 
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replicate tests. In both the limestone and river gravel, the nominal maximum size was the same 
and larger (9.53 mm)  than that of the virgin fine aggregate. This size effect could have contributed 
to the increase in UCS, but the effect is disrupted with the DCP test and not reflected in the 
measurement. It is likely that the relationship between UCS and DCP index is dependent on the 
maximum aggregate size that is used in the CLSM and as a result, additional testing is required 
when using an aggregate with a different nominal maximum size. At this point, the relationship 
between compressive strength and DCP index is only valid for CLSM with fine aggregate only. 
6.6 Test recommendations 
The test recommendations for applying DPC testing to CLSM are as follows. A standard 8 kg DCP 
device should be used. While the lower mass device was not tested, it is expected that there would 
be issues with the ability to penetrate the material if the mass were lowered. In field measurements, 
the standard ASTM D6951 method should be used. Spacing between tests should follow the 
recommended 30 cm, but if neccsary this may be reduced down to 7.6 cm. For consistency with 
laboratory measurements, each test should consist of ten blows. The measurement of the first three 
blows is discarded and then the average is taken from the subsequent seven blows. 
The same procedure can be used for laboratory measurements. However, the testing must consider 
the sample container. The recommended mold should be at least 27 cm in diameter and the material 
should fill to a depth of 20 cm. Standard procedures for handling CLSM test samples should be 
followed which includes preventing moisture loss. When using the aforementioned mold, three 
evenly spaced DCP tests may be conducted on each sample. Again, each test will consist of 10 
blows with the first 3 measurements being discarded. The average of the three tests would 
constitute the DCP index for the sample. 
The limitations to this testing are in the upper and lower ranges of compressive strength. With the 
upper limits of CLSM strength (>7 MPa), the DCP index becomes insensitive to large changes in 
compressive strength. For example, the difference between a compressive strength of 6 MPa and 
8 MPa would result in a DCP index change of less than 0.2 mm/blow which is below the resolution 
of the measurement on the DCP (1 mm). At lower compressive strengths, the DCP index has very 
large changes for small changes in the compressive strength. These limitations are not problematic 
for the strength ranges common to CLSM. Additionally, limits for the DCP index can be set for 
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field applications where a minimum index is needed for loading, but then a maximum is set for 
excavation purposes  
6.7 Conclusions 
The dynamic cone penetrometer is a common tool used to assess the mechanical in-situ properties 
of various granular, unbound, and soil structures. This tool has been shown to be useful for CLSM 
applications too where current in-situ measurement tools are not as common as the DCP. The DCP 
test proved to correlate well with the compressive strength of CLSM while being insensitive to 
specific mixture properties such as paste content. Changing the aggregate gradation could affect 
the relationship between DCP and UCS. While the DCP remained consistent for the aggregate 
types, the UCS did not.  Established standards for DCP testing in soil applications may be applied 
to CLSM as well.  
The DCP test may also be used on laboratory specimens when necessary. The research described 
here studied the applicability of DCP testing on laboratory specimens as a means to assess the 
behavior of the test on CLSM. While DCP tests had not been used on CLSM prior, the tests were 
able to distinguish materials of various strengths. These tests also led to recommended testing 
parameters. In field applications, the established standards can be followed. To correlate with the 
results of the lab tests, each test should consist of 10 blows with each blow being recorded. The 
DCP index is then calculated from the average penetration per blow from blows 3 through 10. 
DCP testing of laboratory specimens may also be used for correlation to the field measurements. 
With testing lab specimens the recommended mold is a 27 cm diameter cylinder where the material 
should fill to a depth of 20 cm. The CLSM should be cast and handled the same as other laboratory 
specimens where care should be taken to prevent moisture loss 
The DCP testing described here was also accompanied by tests of unconfined compressive 
strength. The unconfined compressive strength is the most common strength test for CLSM, but it 
is challenging due to the fragility of the specimens. As a result, the DCP index is correlated with 
the unconfined compressive strength through a power relationship. The limits typically set for 
strength of soils or CLSM can still be applied with this method. Minimum limits for field DCP 
measurements can be set to ensure adequate strength in the CLSM. Additionally, DCP index can 
indicate the excavation effort required for a CLSM. Addition limits are placed on this testing when 
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typical CLSM strengths are exceeded where the DCP index is not able to differentiate large 





Table 6.1 Coded mix design specifications 





Figure 6.1 Dynamic cone penetrometer diagram taken from ASTM D6951 
 




Figure 6.3 DCP test results for unconfined specimen with R16VA CLSM at 14 days 
 




Figure 6.5 DCP tests at various spacing on R16VA CLSM at 14 days 
 
Figure 6.6 Plan view of test layout for DCP test in recommended cylinder mold 
 
 




Figure 6.8 Relationship between compressive strength and DCP for all mixtures. 
 
 




CHAPTER 7: ACCELERATED CURING OF CLSM 
7.1 Background of Accelerated Curing 
As with the majority of cement-based products, assessing compressive strength is a key measure 
for the material. The standard test for the compressive strength of CLSM is to measure the 
unconfined compressive strength of 75 x 150 mm. cylinders at 28 days. This standard test method 
has been widely adopted by specifying agencies and has been used throughout this research 
program. However, CLSM typically contains high concentrations of supplementary cementitious 
materials and high water-to-cement ratios which can slow the strength development of the 
material. In concrete with high volumes slag or fly ash, the strength development may be 
substantial beyond the initial 28 days [69], [109], [110]. In cement-based applications, excess 
compressive strength is rarely seen as a detriment to the material. For CLSM where excavatability 
is desirable, establishing an upper limit can be as important as a minimum strength. Furthermore, 
end users familiar with soil cement, lime stabilized soils or related materials are met with similar 
challenges where strength is necessary, but too high of strength is problematic. CLSM is 
commonly specified by a minimum compressive strength for loading demands which encourages 
higher early strengths. The long term strength development combined with 28 day strength testing 
requirements result in CLSM that may not remain excavatable in the long term. 
Research has already demonstrated that CLSM does exhibit long-term strength development as 
expected. The increase in compressive strength after 28 days has been observed to range from 10 
to 148% [72], [111], [112]. These studies noted strength gain beyond a year. The wide range in 
these studies was attributed to the constituent materials and the curing regime employed. Similar 
to normal concrete, ceasing the wet curing reduces the rate of strength gain [111], [112]. However, 
some research by Pierce et al showed strength decreases after 28 days when the specimens were 
submerged. The decrease was attributed to leaching of calcium into the curing water. With such a 
wide range of strength development after 28 days, alternative methods for measuring the ultimate 
strength of CLSM should be considered. 
Alternate methods the strength of CLSM could include extending the time to test or to simply 
extrapolate the strength. Long term testing is often impractical in field applications due to time 
constraints. The long term curing method can also have undesirable consequences as observed by 
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Pierce where the strength had significant reductions after 90 days of submerged curing. The 
reduction, though unverified, was attributed to leaching of fly ash into the curing water [72]. 
Extrapolation of strength can have significant errors based on the constituents used and the curing 
conditions. Furthermore, CLSM allows for the use of non-standard aggregates and cementitious 
materials which also can have unpredictable consequences on strength development. As a result, 
accelerating the strength development through elevated temperature curing is a logical alternative. 
The use of high temperature curing is a common practice in cement-based materials and could be 
used in conjunction with the standard.  
The principle goal of this research is to study the effects of elevated temperature curing on CLSM, 
and to develop recommendations for curing regimes for lab specimens that will allow for reliable 
prediction of long-term strength of specimens cured at ambient conditions.  
7.2 Materials and Specimen Preparation 
The mixtures used to test accelerated testing were identical to those in the mixture design study. 
The materials included a Type I portland cement, Class C fly ash, recycled fine aggregates, and 
river sand conforming to the ASTM C33 gradation limits. There were two sources of recycled fine 
aggregates (RFA). The first was sourced from the recycling of pavement from O’Hare Airport. 
The second source was obtained from a local concrete recycling plant that accepts waste concrete 
from any source, like pavements, structural, and residential. The parent concrete at the recycling 
plant is highly variable so the quality of the recycled fines can be inconsistent. The recycled 
material from O’Hare is expected to be more consistent since the parent material was pavement 
that is specified according to the FAA. The mixture naming convention and specific proportions 
can be found in Table 7.1. The mixing and placing procedures followed those described in Chapter 
5. 
The specimens used for the accelerated curing tests were the recommended 75 mm x 150 mm 
cylinders as specified in the standard tests [96]. The molds for the specimens are split in half 
lengthwise and taped together. This style of mold decreases the risk of damage during demolding. 
The cylinders were stored for 24 hr. in 100% RH at 23oC. After this initial curing, the exposed 
ends of the plastic cylinder molds were sealed with foil tape to prevent moisture loss. The one 
exception to this was one mixture was only partially sealed to allow for drying to occur. This 
mixture provided insight into the rate of strength gain while the specimens dried. 
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Each batch of cylinders were randomly divided between a temperature controlled room (23oC), 
and ovens at 40oC, and 65oC. The 23oC temperature was used since this is the standard curing 
temperature. Research with accelerated curing of stabilized soils use temperatures ranging from 
50 to 100oC [113]–[115] The 65oC was chosen so that it would be reasonably high without altering 
hydration products (e. g. ettringite). The total mass of each cylinder was recorded prior to placing 
the specimens in their respective curing temperatures, and mass was recorded prior to strength 
testing to ensure that any moisture loss did not affect the strength gain over time. One mixture was 
sealed poorly to simulate a common problem of allowing some drying during the elevated 
temperature curing. Sealing “poorly” allowed drying to occur slowly, but at a higher rate than the 
sealed specimens. A small trial batch was made and not sealed at all during the curing which 
resulted in negligible strength and visible damage to the specimens, and was therefore, discarded.  
For the elevated temperature specimens, compressive strength was typically measured at 7, 14, 
and 28 days. Additional tests were run on the elevated temperature cured specimens when the 
number of specimens allowed. Strength results at 23oC for 28 days and less were studied elsewhere 
and exhibited gradual strength gain [Chapter 5]. As a result, the specimens cured at 23oC were 
tested at 28, 56, and 84 days. 
7.3 Results and Analysis 
7.3.1 Mass Loss 
The mass loss of each cylinder was recorded to monitor any loss of moisture that occurred during 
the first 28 days of curing. Assuming the mass loss was due to loss of free water in the specimen, 
the w/cm was modified by reducing the theoretical water content in a specimen by the amount of 
moisture lost. While the mass loss occurred over the 28 day curing period, this modified w/cm 
would provide some indication as to whether or not sufficient moisture was present to continue 
hydration. The summary of moisture loss data is located in Table 1.1.  
In all cases, some amount of the free water was lost during curing in the form of weight loss of the 
specimen. Repeated attempts were made to improve the sealing to prevent moisture loss, but it was 
not completely successful. The higher temperature curing resulted in higher moisture loss. The 
moisture loss remained below 40% for the 65oC curing, and the modified W/CM did not fall below 
0.5. Assuming W/CM of great than 0.42 is needed for complete hydration, the CLSM mixtures, 
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even at the highest temperatures, did not lose enough moisture to stop hydration. Additionally, it 
was observed that all of the specimens that were moist to the touch upon removal from the molds 
in preparation for testing with the exception of the following mixture. 
There was one mixture allowed to lose moisture slowly since it was poorly sealed. In this mixture, 
the highest water loss represents 72.4% of the initial mix water at 65oC. The poorly sealed mixture 
used recycled aggregate which, due to its high absorption, contains significantly more total water 
than the initial mix water. Considering only the initial mixture water, the modified W/CM was 
0.23. Since some of the moisture was most likely lost from the aggregate as well, the actual 
modified W/CM was probably somewhat higher. While these specimens were dry to the touch, 
there was no visible damage to their surface (which had been present in the unsealed specimens). 
Due to the extreme moisture loss in the poorly sealed trial batch, hydration most likely ceased prior 
to 28 day testing, and emphasized the need to careful sealing to prevent drying during curing. In 
general, the aluminum tape was sufficient to prevent drying that would adversely affect strength 
gain, and care should be taken to ensure specimens are thoroughly sealed. To ensure adequate 
sealing, the mass of the specimens should be periodically monitored. 
7.3.2 Strength Development 
All of the strength development for the various mixtures cured under sealed conditions are found 
in Figures 7.1-7.3(range of temperatures and mixtures). Figure 7.4 contains the compressive 
strength results from the mixture that was allowed to dry during curing. 
7.3.2.1 Ambient Temperature Curing 
The specimens cured at ambient temperature (23oC) establish a baseline strength of the various 
mixtures. As expected, the strength of the CLSM continues to develop considerable strength well 
after 28 days. In some mixtures, the 28 day strength represents only 20% of the strength at 84 days. 
This slow strength gain can be attributed to the high fly ash content and high W/CM of the CLSM 
mixtures. In concrete with high-volume fly ash, the rate of strength gain is retarded at early ages 
which necessitates strength measurements well after the 28 day standard [71], [109]. In this 
research, the rate of strength gain was observed to have decreased considerably by 84 days so most 
testing was halted at this point. As mentioned previously, other research has shown similar results 
where significant strength development occurred after 28 days, but that it begins to plateau after 
56-84 days [72]. From Figure 7.1, it can be observed that all of the mixtures exhibited a reduced 
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rate of strength gain by 56 days. For this research, some limited testing was performed to just 
beyond 100 days of curing but the strength gain between 84 to just over 100 days showed less than 
a 10% increase. The 84 day curing time is under sealed conditions which may not represent 
realistic curing conditions in the field. Therefore, while 84 days of sealed curing at ambient 
temperature will not define the true ultimate strength, this study will use the 84 day strength as a 
nominal ultimate strength for comparison purposes. 
Measuring the strength of CLSM at 84 days reiterates the need for long term strength testing of 
CLSM. Figure 7.1 shows the strength development of CLSM with virgin aggregate as a function 
of the 84 day strength. From this figure it can be seen that the strength at 28 days ranges from 20-
70% of the strength at 84 days. With significant strength gains over the initial 3 month period, 
relying solely on standard curing has a strong possibility of underestimating the actual strength. 
As mentioned, underestimating the long-term strength of CLSM is problematic if the material 
needs to be excavated at a later date. While the 84 day mark was sufficient to show the plateauing 
of the strength gain, several samples exhibited relatively steady strength gain to this point 
suggesting the need for even longer term testing. This also highlights the challenges of 
characterizing the strength of the material since it is impractical to specify a multi-month strength 
test. 
7.3.2.2 Unsealed Curing 
The data from the unsealed test (Figure 7.4) demonstrate the necessity for sealing the specimens 
during curing. With all of the unsealed specimens, the compressive strength was lower compared 
with the sealed specimens. Even at ambient temperature, the sealed specimens were higher in 
compressive strength. As with concrete, excessive drying results in the curing reactions to cease 
which manifests as lower ultimate compressive strengths. Results from other research have 
observed a similar phenomenon in CLSM where the specimens that were allowed to dry, had 
reduction in ultimate compressive strength [72]. In actual applications where CLSM is cast in 
contact with the ground there will be more moisture present than CLSM exposed to the air. As a 
result, the moisture state from CLSM being cast in contact with the ground curing condition is 
expected to be near saturated conditions. As a result, a sealed lab specimen should be 
representative of the material in the field.  
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Since the goal of this study is to establish the upper limit of compressive strength, the sealed 
condition was used for comparison in the rest of the testing. This can be a challenge since the 
porosity of CLSM is much higher than most other cementitious materials. The best sealing was 
achieved with self-adhesive foil tape. 
7.3.2.3 Accelerated Curing 
The goal of this study was to develop a curing regime that would allow a user to establish a more 
accurate long term compressive strength figure for CLSM without needing to cure beyond 28 days. 
There was a positive correlation between compressive strength and curing temperature. The 65oC 
curing temperature consistently reached the highest strength across all mixtures. This behavior is 
predicted throughout literature where the addition of heat increases the kinetics of hydration of 
Portland cement. While there is a lack of studies on accelerated curing of CLSM or other high 
volume fly ash mixtures, the accelerated strength gain is expected.  
Typically, accelerated curing behavior is normalized through plotting the compressive strength on 
the ordinate and the time multiplied by the temperature on the abscissa (days x oC) [77]. By 
combining the time and temperature variable, the results are expected to exhibit a unified trend for 
a given mixture. As seen in Figure 7.6, the data from the baseline CLSM mixtures (R16 with VFA) 
does not exhibit a strong trend across the three curing temperatures. Even when accounting for the 
temperature with this method, the higher the temperature the higher the compressive strength. This 
may suggest that curing temperature has a more significant effect on the compressive strength of 
CLSM than it does on typical Portland cement concrete. In fact several research studies have 
concluded that the dissolution of various chemicals in fly ash is greatly accelerated at higher 
temperatures [101], [116]. With the heat from curing driving more dissolution in the fly ash and 
accelerating the hydration reactions, it would be expected that the strength gain would also 
experience higher acceleration. The same reaction may not be as evident in a low fly ash, 
conventional concrete because the cement can achieve over 80% hydration without acceleration 
[78] 
Since the normal methods for analyzing accelerated curing are not suitable, a modified approach 
was developed. As stated, the temperature of curing CLSM is more significant than that of normal 
concrete. Using the product of time and temperature and multiplying it by the ratio of the elevated 
temperature to the baseline temperature as the abscissa (Equation 7), the abcissa becomes:  
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Where t is the age in days, T is the curing temperature in degrees Celcius, To is the baseline 
temperature (23oC in this case), and ΔT is the difference of T and To. Using this approach, the data 
for the trials is plotted in Figures 7.6-7.13. Using this approach yields stronger agreement with the 
various curing temperatures then compared to only using the time, temperature, and ratio of 
temperature for the abscissa. The combined results for a mixture across all curing temperatures for 
the virgin aggregate mixtures is plotted in Figure 7.11. Logrithmic trendlines are fitted to the 
combined results. For the virgin aggregate mixtures, the R2 value is over 0.8 where using the 
traditional T*t plotting method does not have an R2 over 0.5. The positive agreement between the 
curing temperatures is best before 1000 days*oC. Going beyond the 1000 days*oC (just under 56 
days at 23oC), the curve fitting becomes less positive. Specifically, this modified method will 
overestimate the strength using T*t *(T/To). This discrepancy is not a problem since the purpose 
of this testing is to establish the maximum strength of the material, and overestimating it is more 
conservative when it comes to excavatability. 
Building from the curve fitting of the full results of the accelerated curing, a semi-empirical model 
can be developed to predict the compressive strength of a CLSM mixture for any curing 
temperature over time. Since the curve fit is logarithmic, the input to the equation will be the time 
and temperature parameter as discussed, and the constants for a mixture are based on a compressive 




ln (𝑡 ∗ 𝑇 ∗ (∆𝑇 𝑇0
⁄ )) − 2 ∗ 𝜎65@28  (8) 
The σ65@28 is the compressive strength of the specimens cured at 65oC and tested at 28 days. Table 
7.3 contains the values for the curve fit model and the calculated values from Equation 8. The 
percent difference between the modeled and actual curve fit results are all under 10% difference. 
This model enables the user to predict the compressive strength of a CLSM mixture at any age and 
curing temperature while only requiring the mixture to be tested at 28 days at 65oC. Since the 
agreement between the model and the results at all temperatures is relatively strong, the long-term 
compressive strength of CLSM can be well-characterized without the need for long-term curing 
times. Additionally, the model can also predict a time-to-loading for CLSM that is placed and 
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cured at ambient conditions. The time-to-loading is valuable to the user to inform when the CLSM 
can be placed into service. This model has the additional benefit of only needing to test highly 
mature specimens which mitigates some of the risk of damage to the specimen in the preparation 
for testing. 
Unfortunately, the same model can not be applied to the CLSM with the recycled aggregate. Figure 
7.11 contains the same combined data for the recycled aggregate mixtures. There is a divergence 
in the data for each of the mixtures almost immediately so that simply finding a single curve fit is 
not reliable. In addition, the same behavior was observed for both FRCA and NFRCA. While the 
40oC curing temperature resulted in higher strength for a given T*t*(T/To), The 65
oC curing 
temperature resulted in a significantly larger increase in strength. The behavior suggests that the 
recycled aggregate mixtures are much more sensitive to the elevated temperature curing than the 
mixtures with natural aggregate. Using the proposed model on a recycled aggregate mixture would 
result in significant over-predictions of compressive strength of a CLSM. While this would be a 
conservative approach if needing to ensure excavatability, the result would provide an un-
conservative time-to-loading, resulting in loads being applied too early. Despite the poor 
correlation with the proposed strength model, the 65oC at 28 day test result can still serve as an 
upper bound on a CLSM mixture. 
The significant increase in the compressive strength of the accelerated cured CLSM was not an 
expected result. The results for the R16FRCA were repeated with similar results. In the other phase 
of this research (Chapter 5), mixtures incorporating the FRCA statistically lower strength 
compared to equivalent mixtures using FVA. Since all other variables were controlled in this 
testing, the source of the difference in behavior must be tied to the FRCA and NFRCA and their 
interaction with the cementitious materials. It should also be noted that the R16FRCA and R16VA 
had statistically similar strengths when cured at elevated temperatures. So even though the strength 
gain in the FRCA mixture is considerably larger than in the FVA, the end strength of the specimens 
cured at 65oC is equivalent to the strength of the FVA mixture. In addition, the FRCA specimens 
cured at 65oC can still serve as the upper bound for compressive strength of the material. 
Recalling the characterization from Chapter 3, there were no indications that the FRCA possessed 
appreciable reactive materials in its own. The detectable phases of the FRCA were a combination 
of calcite, dolomite, and quartz. The FVA, on the other hand, was assumed to be primarily quartz 
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since it was a natural river sand. Quartz is a very stable mineral in a variety of chemical 
environments and is almost insoluble [78]. Minerals like calcite and dolomite are less stable and 
more soluble. The pH measurements of the FRCA seemed to confirm this to an extent where there 
was a rise in pH near that expected from pure calcite in solution. Additionally, the solubility of 
calcite decreases as the temperature of the solution increases. This effect was evident in the test 
where the pH of a solution with the FRCA was measured as the solution was heated. As the 
temperature increased, the pH of the solution decreased. Heating the sample and thereby 
decreasing the solubility of the calcite means that the calcite would be precipitating out of solution.  
As mentioned, the FRCA mixtures were lower in strength than the equivalent FVA mixtures when 
cured at ambient temperatures. The reduced strength could be related to the solubility of the calcite 
from the recycled aggregate and the use of a high calcium content fly ash. If the minerals from the 
aggregate are dissolving into solution and slowing the dissolution or reactions of the fly, this could 
explain the reduction in strength. Additionally, by heating the recycled aggregate mixtures, the 
dissolution of the calcite would be suppressed (as evidenced by the drop in pH when the aggregate 
was heated) which would allow for dissolution and hydration reactions to proceed as they do in 
the FVA mixtures. Furthermore, research has shown fly ash to have considerably increased rates 
of dissolution at elevated temperatures [101], [116]. These factors could explain the lack of 
difference in the strength of the FVA and FRCA mixtures cured at 65oC.  
Additional explanation for the strength increase for the FRCA mixtures could be attributed to the 
act of heating the samples after mixing. Mixing and casting took place at room temperature. After 
24 hr, the specimens were moved to their respective curing regimes. As the samples are heated, 
the solubility of the aggregates would be decreasing causing the now insoluble minerals to 
precipitate out of solution. The precipitate would act as nucleation sites for hydration products to 
form. Research by Weiss et al. observed that the inclusion of fine particles of calcite resulted in 
increased strengths in concrete [117]. A similar effect could be happening here where the 
precipitating calcite acts as nucleation sites and accelerating the hydration further 
7.4 Conclusions 
Over several trials, the CLSM cured at elevated temperature saw significant increases in 
compressive strength over the standard 28 day test period. As the curing temperature increased, 
the compressive strength at a given age also increased. The results provide evidence of 
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considerable strength gain potential beyond the typically specified 28 day testing period. The 
strength gain was significant enough that using the 28 day strength could provide a false 
impression that the material would be excavatable in the long term.  
While CLSM is expected to maintain a relatively low compressive strength, the specimens that 
were exposed to drying during curing resulted in lower strengths than the sealed specimens even 
at ambient temperatures. The results from the unsealed specimens demonstrated the need for 
careful sealing of the specimens when curing at elevated temperatures. The need for proper sealing 
is especially evident when curing at elevated temperatures.  
The response to the elevated temperature curing was the most predictable with the virgin aggregate 
mixtures, but the commonly used relationship of t x T did not accurately predict the response. The 
additional term of T/To was added to better relate the compressive strength response to the elevated 
temperatures. A semi-empirical model was developed that reasonably predicted the compressive 
strength of the CLSM at any time and at any curing temperature based on the compressive strength 
measure at 28 days of a sample cured at 65o. Using this model, the end user can reasonably estimate 
the strength in the short term to determine time to loading as well as a long term strength which 
would be important for excavatability. This approach is also advantageous in that it only relies on 
testing mature specimens which reduces the risk of damaging the specimen in preparation for 
testing. 
While the compressive strength of CLSM composed of FRCA also saw a positive relationship 
between curing temperature and compressive strength, the trend differed from the virgin aggregate 
mixtures. As a result, the previous model could not be applied to the CLSM with FRCA. The 
increase in strength with the elevated temperatures was much higher than expected. Using the same 
model as was developed for the virgin aggregate would result in overestimations of the 
compressive strength. An overestimation could be dangerous if using for a time-to-loading value. 
The significant gain in strength observed at higher temperatures may be tied to the dissolution of 
the calcite phases in the FRCA. As seen in earlier testing, an increase in the temperature of the 
FRCA resulted in a drop in the associated pH. Combining the rise in dissolution of fly ash at higher 
temperatures, the hydration reactions are expected to accelerate. Additional evidence is that the 
FRCA mixtures reach the same strength as the FVA mixtures where they had been lower than the 
FVA mixtures. In conclusion, the FRCA does not follow the same model as the FVA, but the 65oC 
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curing regime may still be used. This temperature will yield a high upper limit of the compressive 





Table 7.1 Experimental mix proportions used for accelerated curing tests 
 
 
Table 7.2 Free moisture loss as measured from mass loss during curing 
 
 








Figure 7.1 CLSM cured at at 23oC 
 




Figure 7.3 CLSM mixtures cured at 65oC 
 




Figure 7.5 R16VA mixture at each curing temperature using standard accelerated curing axis 
 




Figure 7.7 R15VA mixture at all curing temperatures 
 




Figure 7.9 R10VA at all curing temperatures 
 




Figure 7.11 All virgin aggregate results at all curing temperatures 
 




CHAPTER 8: CONCLUSIONS 
8.1 Summary 
The goal of this research was to investigate valuable uses for the fine recycled concrete aggregates. 
Since the use of FRCA is restricted in most aggregate applications, the material is often landfilled. 
To move to more sustainable practices, it was important to target alternative applications of the 
material. The two applications investigated here were as a source of internal curing in concrete 
and as the primary aggregate phase in controlled low-strength materials. Several topics of research 
were included in each of these applications 
The first step in effectively utilizing FRCA was to characterize the aggregate. In addition to the 
standard aggregate tests, methods such as XRD and TGA were used to characterize the mineral 
composition of the material. Recycled aggregate from runway pavement from O’Hare Airport 
(FRCA) and general construction debris from Vulcan Materials (NFRCA) were included in this 
testing. For comparison, a natural river sand (VFA) and an expanded shale (LWA) were also tested. 
The standard test methods supported other research findings that the recycled aggregate had higher 
absorption rates and lower specific gravity than comparable virgin aggregates. Desorption test 
results showed that the LWA would release over 90% of its stored moisture at an RH of 90%. The 
FRCA, on the other hand, gave up 60% of its moisture at a similar RH which showed a strong 
potential for internal curing.  
The remaining characterization methods included pH measurement, TGA, and XRD. The goal was 
to determine if any reactive material was still present in the aggregate and to verify the which 
minerals were present in the aggregate. The results from these tests supports the observations in 
other research that the recycled fine aggregate is composed of the phases in the parent material. In 
this research, the characterized phases in the FRCA were calcite, dolomite and quartz. The calcite 
would come from the coarse aggregate and carbonated mortar, the dolomite is from the coarse 
aggregate, and the quartz is from the fine aggregate in the parent material. While there was some 
evidence in the presence of portlandite in freshly crushed concrete, it was readily removed with 
washing. Increases in pH were observed when the FRCA was mixed with water which can be 
attributed to the dissolution of the calcite phase. Despite some soluble minerals associated with 
FRCA, there was no evidence of self-cementing properites, and the material would behave similar 
to comparable minerals. 
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Internal curing is a promising application for FRCA since the aggregate has high porosity and it 
gives up a majority of its moisture at high (~90%) RH levels. To investigate the effectiveness of 
the FRCA, several mixtures of concrete using the recycled aggregate were prepared and tested for 
strength, autogenous, and drying shrinkage. These tests confirmed the that the FRCA does provide 
some level of internal curing. While the LWA is more effective at internal curing at similar 
replacement rates, the performance of the FRCA at a higher replacement rate was comparable. 
Using the coarse recycled concrete aggregate did not offer any significant difference in 
performance. These results suggest that the internal curing performance of porous aggregates is 
strongly related their desorption characteristics. 
The second application of FRCA investigated in this research was as the aggregate phase in 
controlled low-strength materials (CLSM). CLSM was thought to be insensitive to the lower 
strength nature of recycled materials and it commonly incorporates non-standard materials. 
Previous research in collaboration with Ricardo Serpell proposed a systematic mixture design 
method for CLSM. The research contained herein contributed two additional validation runs to 
support the proposed method. One of the runs utilized the FVA with the nonstandard fly ash, and 
the second used the standard fly ash with an alternative recycled aggregate. The validation runs 
confirmed that the flow of CLSM is a function of the paste volume, and the subsidence and 
compressive strength are functions of both the OPC/CM and W/CM. The only change to the 
proposed mixture design method was to move the paste volume of the trial mixture from being 
based on the aggregate void percent to a fixed volume. This change is based on the data from both 
the initial experimental runs and the validation runs which showed that 38% paste volume achieved 
adequate workability in all mixtures.  
The additional runs allowed for additional observations of differences in behavior based on the 
source of the aggregate. Despite have three aggregate sources, there was no statistical difference 
in the flowability based on the aggregate for a given fly ash source. While the cementitious material 
did affect the flowability, factors like fineness modulus and specific gravity did not. The CLSM 
with FRCA and NFRCA did exhibit lower subsidence than the comparable mixtures with VFA 
which may be attributed to the gradation and specific gravity of the recycled aggregates. Finally, 
the compressive strength was also reduced for the FRCA mixtures. Generally a reduction in the 
100 
 
compressive strength of CLSM is not problematic, and can be compensated by adjusting the 
mixture proportions.  
Through the course of research, it became evident that most users of CLSM rely primarily on the 
28 day unconfined compressive strength. This is largely due to the similarities of the test method 
to normal concrete testing. Additionally, the standard in situ measurement of strength relies on 
uncommon equipment and less familiar test procedures. These facts drove the research to consider 
alternative laboratory and field based tests to asses the strength of CLSM. For in-situ assessment, 
the dynamic cone penetrometer test was considered. For laboratory based measurements, a change 
in the curing regime is proposed.  
The DCP test is primarily used to assess the ability of a subgrade to support the necessary loading. 
The materials for this testing are typically aggregate base, soil-cements, lime-stabilized soils, or 
compacted soils. A DCP with an 8 kg hammer was used to measure the penetration rate into CLSM 
samples. The 8 kg hammer provided enough energy to penetrate into the higher strength CLSM 
mixtures, and the results of the penetration were distinguishable for difference strength CLSM 
mixtures. The DCP index was correlated with typical laboratory compressive strength 
measurements. The correlation between compressive strength and DCP index followed a power 
law. Using the standard excavation strength limits, the DCP index may be used to differentiate 
CLSM that is able to be excavated using manual efforts and one that requires machine excavation. 
Additionally, the DCP index can be used to assess time to loading based on California Bearing 
Ratio limits. At the corresponding DCP index, the compressive strength may not be able to 
accurately assess these time-to-loading limits. 
In field applications, the standard DCP test procedure may be followed. For CLSM, it is 
recommended that each test consist of 10 blows. The first 3 blows are discarded and the DCP index 
is calculated from the average of the remaining 7 blows. While additional blows can be used, the 
additional consolidation of the material under the DCP may skew the results. If correlation with 
laboratory results is necessary, the CLSM should be cast in cylinder molds with a diameter of 27 
cm to a depth of 20 cm. The aforementioned test procedure can be used on these specimens, and 
three evenly spaced tests may be run on a single specimen. The limitations of this method is that 
it will not be able to distinguish large differences in compressive strength when the strengths are 
at the upper limit of CLSM strength (>7 MPa). This is based on the power law correlation between 
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compressive strength and DCP index and the limited measurement resolution of the DCP. For the 
common strength targets of CLSM, excavation limit or time-to-loading, the correlations provides 
distinguishable DCP index limits. 
The final goal of this research was to address the challenges with laboratory-based CLSM strength 
samples. Due to the low-strength nature of CLSM, the standard samples can be readily damaged 
during demolding. In addition, due to the high fly ash content of the cementitious materials, the 
strength gain is slower than that of normal concrete. Research has demonstrated significant 
strength gain after the standard 28 day curing regime. Since the strength at excavation serves as an 
upper limit, the research described here investigated the effects of accelerated curing on CLSM as 
an alternative to adopting longer standard curing times. To accelerate curing, the samples were 
subject to elevated temperatures (40oC and 65oC) which would accelerate hydration without 
significantly altering the hydration reactions. 
The CLSM proved to be more sensitive to the elevated temperature curing than normal concrete. 
Strengths measured at 28 days of curing at 65oC, exceeded those measured at more than 80 days 
of curing at 23oC. In the simplest application, the 28 day at 65oC curing regime can serve as an 
upper limit of the CLSM strength. However, a semi-empirical model was constructed from the 
time, temperature, and strength data to unify the response of the mixtures. The model uses the 
aforementioned 28 day at 65oC strength as the input, and the model will predict the strength of the 
CLSM based on curing temperature and time of curing. The FRCA-based mixtures do not follow 
the same model which is likely attributed to the interaction of the calcite with the high calcium fly 
ash used in the testing. For all of the materials tested over curing times exceeding 100 days, the 28 
day cure at 65oC can server as a viable upper limit for the CSLM. While it may be a more 
conservative limit for the FRCA, it is a reasonable predictor of the long term compressive strength 
without the need for extended curing times at room temperature. 
8.2 Future Extension of Research 
Future research can logically extend from the applications of fine recycled concrete aggregate 
presented here. Continued research should continue to characterize the effectiveness of recycled 
aggregate for internal curing. Since only one source of recycled aggregate was used for this testing, 
other sources should be tested. Factors like parent material and crushing method will affect the 
desorption of the recycled aggregate and therefore, the effectiveness of internal curing. In this 
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study, the coarse aggregate did not seem to provide significant internal curing and led to higher 
shrinkage. The recycled coarse aggregate could be re-graded to limit the top size aggregate since 
the larger sizes had the lower desorption characteristics. In addition, hybrid aggregate system using 
the recycled coarse and fine aggregates to balance the level of internal curing and mitigate the 
higher drying shrinkage. Hybrid systems using both the expanded shale and the recycled fines 
could also improve performance while taking advantage of the higher strength of the reyclced 
aggregate compared to the shale.   
Further validation of the CLSM mixture design method is still required. While there are endless 
combinations of constituents possible, subsequent experimental runs should include other common 
mineral admixtures such as Class F fly ash or blast furnace slag. In addition, few investigations 
have considered low-grade slag for CLSM or using with a material like FRCA. With diminishing 
fly ash sources, this mix design approach should also be validated with materials like bottom ash 
or reactive clays. Finally, this testing should be expanded to include coarse aggregates. Most 
established CLSM mixtures incorporate some fraction of coarse aggregate, and it would be logical 
to repeat these runs using coarse aggregates. 
For the DCP, the next logical step would be to conduct a larger field-based trial of the method. 
This would further validate the research presented here, but would also be able to test the CLSM 
to a greater depth. One of the key advantages of DCP testing over the standard field assessment of 
CLSM is the ability to test the material through the depth. Testing CLSM to greater depths may 
yield different results which may necessitate a change to the proposed model. For laboratory-based 
testing, CLSM with various course aggregates need to be tested. While most CLSM does not 
include coarse aggregate, the results from this research showed a significant deviation in the 
expected behavior which need to be investigated further. Finally, the role of free water in CLSM 
should be studied. All laboratory specimens are sealed to prevent moisture loss. This same 
condition may not be representative of the environment in the field. Since this research showed a 
loss of strength in specimens allowed to dry, it is expected that the corresponding DCP index 
would increase as well; however this hypothesis requires testing.  
Future work with accelerated curing of CLSM should focus on further verifying the proposed 
semi-empirical model. Additionally, the testing could move beyond the timetable used for this 
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study. Measuring the compressive strength at long term ages, beyond 180 days, at the various 
curing temperature, would be valuable verification of the model.  
The next logical step would be to move to field trials. Completely sealed curing does not take place 
in the field so it is reasonable to assume that the compressive strength in the field may reach a 
maximum much quicker than as observed in the lab tests. Additionally, these field trials can 
incorporate DCP testing to build a combined protocol where the accelerated testing serves to 
provide the upper strength limit, and DCP testing is used to determine the time to loading.   
Another extension to this research is to verify the hypothesis that the dissolved calcite is 
suppressing the hydration of the high calcium fly ash. To accomplish this, the testing presented 
here would be repeated using a non-Class C fly ash. Additionally, pore solution extractions can be 
done on the CLSM with FRCA and the Class C fly ash at different temperature to determine 
differences in the species present. This research may provide explanation for the decreased 
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APPENDIX A: MIXTURE DESIGN RESPONSE FIGURES 
 





Figure A.2 Pareto chart of slump response in FVA+FA2 experimental run 
 
 




Figure A.4 Pareto chart of slump response in FRCA+FA2 experimental run 
 
 




Figure A.6 Pareto chart of subsidence response in FVA+FA1 experimental run 
 
 




Figure A.8 Pareto chart of subsidence response in FRCA+FA1 experimental run 
 
 




Figure A.10 Pareto chart of subsidence response in NFRCA+FA1 experimental run 
 
 




Figure A.12 Pareto chart of compressive strength response in FVA+FA2 experimental run 
 
 




Figure A.14 Pareto chart of compressive strength response in FRCA+FA2 experimental run 
 
 




Figure A.16 Linear response of slump flow for FVA+FA1 experimental run 
 
 



























































Figure A.18 Linear response of slump flow for FRCA+FA1 experimental run 
 
 



























































Figure A.20 Linear response of slump flow for NFRCA+FA1 experimental run 
 
 
































Figure A.22 Interaction of inputs on slump flow for FVA+FA2 experimental run 
 
 




Figure A.24 Interaction of inputs on slump flow for FRCA+FA2 experimental run 
 
 




Figure A.26 Linear response of subsidence for FVA+FA1 experimental run 
 
 































































Figure A.28 Linear response of subsidence for FRCA+FA1 experimental run 
 
 

































































Figure A.30 Linear response of subsidence for NFRCA+FA1 experimental run 
 
 


































Figure A.32 Interaction of inputs on subsidence for FVA+FA2 experimental run 
 
 




Figure A.34 Interaction of inputs on subsidence for FRCA+FA2 experimental run 
 
 




Figure A.36 Linear response of compressive strength for FVA+FA1 experimental run 
 
 































































Figure A.38 Linear response of compressive strength for FRCA+FA1 experimental run 
 
 

































































Figure A.40 Linear response of compressive strength for NFRCA+FA1 experimental run 
 
 


































Figure A.42 Interaction of inputs on compressive strength for FVA+FA2 experimental run 
 
 




Figure A.44 Interaction of inputs on compressive strength for FRCA+FA2 experimental run 
 
 
Figure A.45 Interaction of inputs on compressive strength for NFRCA+FA1 experimental run 
